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INTRODUCTION 
Barnyardgrass, Echmochloa crusgclli (L.) Beauv., is one of twelve 
Echinochloa species that are native to the tropical and temperate zones. It is also 
known as panic grass, coc’kspur-grass, barngrass and water grass. The weed is 
common in spring grain fields, waste areas, cultivated fields or an/ areas having 
rich, moist soil. Rice fields are especially susceptible to infestations, and barn- 
yardgrass is common throughout the rice growing regions. Barnyardgrass is a coarse 
annual weed that is disseminated and propagated by seed. Since the seed germi¬ 
nates throughout the growing season, its control is difficult. 
Within the grass family, there are species having different degrees of 
sensitivity to a given rate of herbicide application within their life cycle* An 
example of this is wild oat, which has been extensively investigated, using several 
herbicides (23, 32, 34, 35, 109). In spire of this, there is still controversy as to the 
most susceptible growth stage. Similarly, barnyardgrass has been reported to have 
varying degrees of herbicide susceptibility within its life cycle (9, 23, 24, 103). 
One of the herbicides commonly used for selective barnyardgrass control is 
2-c.h loro-4-e thylamino-6-isopropylamino-s-triazine (atrazine). Atrazine is one 
of the most widely used pre- and post-emergence herbicides for the control of 
broadleaf and grassy weeds. It is used in corn, sorghum, millet, asparagus, sugar 
cane, pineapple, fruit trees and summer fellow. It can be used for selective weed 
control in conifer reforestation, Christmas Tree plantations or as a non-$e!ective 
herbicide for vegetation control in non-crop iand. Since barnyardgrass is a 
problem weed of these crops, it is interesting to know the response of this weed to 
ctrGzine. 
Atrazine is usually applied as a pre-emergence application to be absorbed 
by the roots, but post-emergence applications are now being practiced, in the 
latter case, it Is not known what percentage cf the applied herbicide is being ab¬ 
sorbed by the leaves and what percentage is being leached to the root zcne where 
it is absorbed by the roots. Recently, some interesting preiimlncry research has 
indicated the importance of the herbicide absorption site (10, 23, 59, 60, 82). 
Their results indicate the specificity with which different herbicides car on dif¬ 
ferent plant parts. Atrazine and other members of the friazine family have been 
ir.vesrigated to determine their mode of action In treated plants. Biochemical 
studies have shown the qualitative and quantitative changes in plant metabolites 
following atrazine treatment, but the mechanism of these changes has not been 
resolved. Atrazine has been shown to inhibit photosynthesis, indicating the chloro 
plasf as cr> impcrtcnt site for the action of atrazine. This was substantiated by the 
structural modifications of the chloro plasf that have been reported following 
atrazine treatment (7, 8). It has also been shown, with poor agreement, that rhe 
chlorophyll content of treated leeves is altered following atrazine exposure (6, 40 
69, 93, 105). 
In order to improve the general understanding of weed-herbicide inter- 
relafionships, and specifically the barnyardgross-atrazine combination, the fol¬ 
lowing objectives were established. The first was to determine the response of 
w* 
various growth stages to atrazine treatment. Both root and foliar applications were 
used for each stage to compare the effectiveness of the two sites of absorption for 
the various stages. Second was to determine if atrazine absorbed at various stages 
affected the plant in the same manner. This was accomplished by determining 
ultrastructural changes within the chloroplast following atrazine exposure. Lastly, 
the accumulation of atrazine in barnyardgrass seedlings treated at various stages 
was investigated. A gas chromatographic procedure was used for analysis of 
atrazine in treated plants and for possible degradation products. 
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LITERATURE REVIEW 
Plant stage and herbicide susceptibility. There has been a large volume of 
work conducted in the field of weed control to determine the most susceptible stage 
of development within the life cycle of a weed species. The use of 2,4-dich!oro~ 
phenoxyacetic acid (2,4-D) for weed control in oats and ether cereal grains 
brought forth the importance of determining the stage of plant growth that is most 
susceptible to the applied herbicides. In the development of small grains, germi¬ 
nation through the 4-!eaf stage is most susceptible, with the 5 leaf to fully tillered 
more resistant. The jointing stage through flowering is more susceptible foilowed 
by the soft dough of grain stage to maturity being resistant to 2,4-D (58). Specific 
stages of cereal grain development have been compared by different workers to 
determine the most susceptible stage to 2,4-D treatment (25, 32, 83, 84), The 
results reported in general conform to the pattern given oy Klingman (53). 
Although the early growth stages make up the most susceptible period when 
considering the complete life cycle o? the plant, there can be stages of grea.er 
susceptibility within the emergence to the 4 to 5-leaf period. The wild oat (Avena 
fatua) has been studied using various herbicides, and several workers have reported 
the effect of 4-chJoro-2-butynyl m-chlorocarbani!ate (barban) on it (28, 33, 34, 
39, 48, 49). Among the effects reported were; reduced height, reduced tiller 
number and reduced tiller development. There was no agreement, however, os to 
which stage possessed the greatest expression of these symptoms; and stages from the 
I leaf to the 3.5 leaf were reported as the most susceptible. Friesen (35) worked 
5 
with S-2,3-dichloroallyl N, N-diisopropy Ithioicarbamare (2,3-DCDT .or dial lore) 
and found wild oats were most sensitive during the initial cne-hclf inch of coleoptile 
growth and at the initiation of the crown node. Appleby (2) reported control of 
wiia octs if dicMate was applied when the plants were in the 1.5 to 2-leaf stage. 
Voderberg (109) studied the effect of trichloroacetic acid (TCA) and 2,4,5-tri= 
chiorophenoxy propionic acid (TCP) and found the youngest growth to be the most 
susceptible. 
Barnyardgrass is another serious weed which has been studied to determine 
its selective control in various crop plants. Smith (103) has reported that isopropyl 
N-(3-chlorophenyl) carbamate (ClPC) gave good control when applied in the I — leaf 
stage, but the effectiveness was reduced when application was pre-emergence or af 
the 2 to 3-leaf stage. Additional studies (101) showed the effect of Cl PC, 4,6- 
din? tro-o-sec-buty I phenol (DNBP), and pe.ntach loro phenol (PCPj on barnyardgrass 
in rice. C!PC was cpolled at the rate of 6-8 Ib/A when the rice and barnyardgrass 
emerged. The rice exhibited Cl PC injury symptoms when the roots were located in 
the treated area, but they were protected by deep seeding. He reported the basis 
of selectivity was due to the differential depth in rhe location of feeding roots in 
the soil. Baker (9), however, reported the position of the first node was important 
in determining susceptibility to CIPC. Barnyardgrass seedlings produce their first 
node ct the soil surface and are killed, while rice seedlings develop their first 
node well below the surface and escape injury. Caffey (17) reported 3',4‘“ 
dichloroproplonanilide (stum) at 3-7 Ib/A post-emergence gave good control at the 
0 
b 
I to 2~leaf stage. It was also used in rice by Szilvassy (106) and gave good control 
when applied at the 2 to 3-leaf stage. Smith (102) determined the effect of 2,2- 
dichloropropionic acid (dalapo.n) at rates of 3-7 Ib/A and reported good control of 
bamyardgrass that was in the 2 to 3-leaf stage. Roche and Muzek (89), however, 
found the I — leaf stage to be significantly more susceptible than the more mature 
stages. Dawson (23, 24) reported the developing leaf tissue within the coleoprile 
to be the main site of ethyl N, N-dipropylthiolcarbamate (E PTC) uptake and the 
prime site of injury. Exposing the seed and primary root to EPTC did not lead to 
* 
injury, but exposing the shoot or only the coleoptile did. 
Atrazine. Bamyardgrass can be effectively controlled by atrazine, 
especially ‘n corn, which is highly resistant to atrazine. The method of applica¬ 
tion is dependent on the crop or intended use. if possible, application should be 
made before the weed seedlings are 1.5 inches tall to obtain best results. 
Atrazine is a member of a group of organic compounds, the s-triazines, 
which have varying degrees of herbicidal activity. The first of these commercially 
introduced was 2-chSoro-4,6-bis('diethy !amino)-s-triazine (chlorazine) in 1954. 
^N"cxx 
The basic triazine group CN N may have various chemical constituents sub- 
N=CX 
stituted on the carbon atoms of the ring. Different classes of triazines were defined, 
depending upon what v/as substituted on the carbon atoms. Centner (37) conducted 
post-emergence tests and found herbicidal activity to be related to the carbon 
substituents. Of the triazines to-date, atrazine and simazine are the most widely 
used, so that most work dealing with the use and mode of action in plants has been 
7 
restricted to these two members of the family. 
Davis ei al. (20) and Sheets (96) determined that simazine v/as readily 
absorbed by the root system of various crop plants such as corn, cotton, cucumber 
and oats. When the simazine entered the stele of the root, it migrated to the 
apoplast and was translocated within the xyle-m. Upon reaching the leaf, it con¬ 
tinued its apoplastic movement and tended to accumulate around the margins of 
dicotyledenous leaves and in the tips of monocotyledenous leaves. Atrazine is 
more soluble than simazine, and it is similarly absorbed and translocated. Davis 
et al. (22), working with cJ^-atrazine applied in nutrient solution, found that 
the amount of atrazine absorption increased with an increase in concentration, 
in wc^er absorption and in length of absorption. Shimabukuro and Linck (ICO) 
reported root absorption of atrazine followed by translocation occurred for two days, 
after which translocction stopped. Absorption, however, was not reduced until 
after three days. Knusli (61) reported root absorption to be very fast, being trans¬ 
located by the nonsusceprible roots and xylem. 
Although not usually considered to be effective when applied as a foliar 
spray, there is evidence of foliar uptake. Biswas et al. (13) reported direct 
cuticular penetration of atrazine by raspberry leaves, v/ith the lower surface 
absorbing larger quantities. In the control of quackgrcss. Wax (III) reported 
foliar applications gave similar results as soil applications. Buchholtz (15) used 
several members of the triazine family and indicated atrazine gave superior 
results because of its greeter solubility and greater activity as a foliar spray. 
8 
Foy (29) reported foliar penetration end acute toxicity were correlated with the 
wafer solubility of the triazine. Acrcpetal translocation readily occurred in the 
transpiration stream but basipetal translocation was negligible under all conditions. 
Foy and Casteifranco (30) found negligible foliar absorption and translocation of 
triazines in the symplasm of corn, but translocation readily occurred in the trans¬ 
piration stream. 
Biswas (12) reported the addition of a surfactant increased the absorption 
of both leaf surfaces of peanut leaves, with atrazine being absorbed and translo¬ 
cated basipetally. This was in agreement with Hughes' (50) statement that sur¬ 
factants increase the rate of leaf absorption and the total amount of chemical 
absorbed. Dexter et al. (26) conducted extensive trials to determine the effective¬ 
ness of several surfactants in combination with atrazme on large carbgrass and 
sorghum. They found that surface tension was not the main factor governing the 
phytotoxicity of foliar applied solutions, since toxicity increased with higher 
relative humidifies. The translocation of atrazine from leaves dipped into 
14 
labeled atrazine solution v/cs very slight to nonexistent. 
Chloroplast and chlorophyll. Paiacz et al, (77) have studied the develop¬ 
mental anatomy of barnyardgrass from germination fo maturity. This study at the 
cellular level described the initiation and growth rate of the plant organs. Ashton 
et al. (7) reported the following changes after atrazine treatment: an accelerated 
vacuoiation of cells in developing leaves; a reduced airspace system of the mature 
primary leaves; a cessation of cambial activity with reduction in the thickness of 
9 
sieve and tracheary cell walls; a changed integrity of the ectoplast and tonoplast; 
and disintegration of the chloroplasts of developing and mature primary leaves of 
red kidney bean (Phaseolus vulgaris). However, a continuation of his work (6, 8) 
into chloroplast changes of beans and Chlorella vulgaris clearly indicated that all 
plants do not respond to atrazine treatment in the same manner. 
The uitrastructure of the chloroplast has been studied ond characterized by 
many workers. The shape and size of the chloroplast is variable, being dependent 
upon the existing environmental conditions, age, end metabolic activity of the 
plant (43). The chloroplast is bounded by a double envelope v/hich may be either 
continuous (94) or may contain pores (64, 112). The major internal structural sub¬ 
units are the grana, frets and stroma (41, 47). The grona are composed of a 
sequence of dosed compartments or laminated discs v/hich are arranged in stacks 
(116, 117, 118). The size of each granum is dependent upon the number of granal 
discs, their diameter and their thickness. Each granal compartment or thylakoid 
is a flattened vesicle consisting of an electron transparent space or loculus and its 
bounding membrane (78). Steinmann (104) has observed the loculus to be around 
65 A deep. This combination of varying numbers of thylakoids into stacks make 
up the granum which usually has its long axis perpendicular to the chloroplast 
envelope (112). 
Adjacent grana are connected by an anastomosing fretwork system. The 
system is composed of channels, which are an extension of the granal discs that 
may be continuous through several grana or may extend irregularily into the 
10 
stroma (115). These intergranal sub-units have a similar structure of membranes and 
loculi as do the granal compartments, except the former may be slightly thicker 
(114). The membrane system of the grana and frets is the site of the light reaction 
of photosynthesis (4) inasmuch as the chlorophyll molecules are oriented within the 
sub-units of the lamellar structure (79, 80, 81, 122). 
Surrounding the grana-fret system is a fine granular proteinaceous stroma in 
which other chioroplast constituents, such as star bodies and starch granules, are 
suspended. The stroma is the site of the dark reaction of photosynthesis and the 
stroma proteins contain the enzymes associated with the dark reaction or CC>2 
fixation (4, 80). 
The normal structure of the chioroplasts has been shown to be altered by 
various herbicides. The effect of 3-amino-l,2,4-triazole (amitrole) on the ultra¬ 
structure of Indian corn chioroplasts has been studied by Saloman (95). He found 
amitrole to affect plastids with and without grana. Where grana were present, the 
granal discs and frets exhibited swelling. Those plastids without grana were more 
resistant to changes. Klein and Neuman (.57) have reported the chcnges in chioro¬ 
plast fine structure which occur following monuron inhibition of photosynthesis. 
Within twenty-four to forty-eight hours, two types of induced deviations from 
normal plastid development had occurred. Development was inhibited first after 
the dispersal of vesicles had occurred but previous to the development of grana. 
This process was independent of photosynthesis. The second inhibition occurred at 
the time ot grana formation. Monuron treated chioroplasts formed fewer grana, but 
u 
these grana were larger end contained more lamellae. Ashton (6, 8) has reported 
on the structure! changes following ctracine treatment in bean plants. Bear, 
cn loro pi asts-developed sweliing of frets and thylakoias, and these effects were 
noted thirty hoars after treatment. However, in the case of Chlorella vulgaris, 
structural changes in the chloroplcst did not occur. 
It is well established that chloroplcst ultrastructure may be altered by 
several environmental conditions, such as light ;42), drought (27), salt concen¬ 
tration (52, 53, 76' and nutrient deficiencies (14, 72, 85 . 86, 107, 108); and 
thot alteration of structure is specific for the plant species and conditions involved. 
As early as 1959, Wolken (122) described the membrane structure and 
diagramed the molecular arrangement. He stated that the phctosynthetic pig¬ 
ments, chlorophylls and carotenoids, were concentrated ‘n the dense lemeilee of 
the grana-ccntcining chloroplcsts and in iamellar chloroplcsts. The chlorophyll 
molecules we;e thought to be oriented within the lamellae as a monolayer at the 
lamellar surface. It was suggested that four chlorophyll molecules uniled to form 
tetrads surrounding the carotenoid molecules. His theory postulated that the mem¬ 
branes consisted of parallel lipid Sayers separated from layers of aqueous protein 
by rnonomoSecular films of chlorophyll molecules. Severcl workers (65, 79, 80, 
81, S23) have determined that chlorophyll is bound to the lamellae of the chiorc- 
plast. Recently, Weier and Benson \JI3) postulated the fret merr.oranes were com¬ 
posed of one layer of sub-units containing bound chlorophyll, while the grand 
partition is a more complex membrane composed of two sub-unit layers iocaLed 
12 
between adjacent loculi. Their findings show the partition to be rich in chlorophyll 
and they propose the largest percentage of chlorophyll is located at this site. 
Changes in chlorophyll content following triazine treatment have been 
reported, but with poor agreement. Ashton (6) reported a decrease in chlorophyll 
content in Chlorella within twenty-four hours after treatment, Goren and 
Monselise (40), however, reported an increase in chlorophyll content of citrus tree 
leaves following sirnazine treatment. Saburova (93) has reported the pigment 
effect was secondary. 
Analytical determination of triazines. Since the formulation of the 
triazines, there have been several procedures devised for their qualitative and 
quantitative determination. Atrazine and sirnazine are very similar and the 
analytical methods for one can easily be adapted for the other. The bioassay tests 
(16, 62, 63) indicate the amount of triazine available to the test plants but do not 
give absolute values. Various plants have been used as indicator plants; these 
being oats, grain, sorghum, soybeans and corn. Cf these, oats is the most sensi¬ 
tive, having a determination limit of 0.015 ppm. For higher ranges of 250 ppm, 
corn can be used. 
A colorimetric method was developed in which the absorption maximum is 
at 436 mu. This method is used primarily for soil analysis; and to be adapted for 
crop materials, additional clean-up steps would be required. Mattson and Sciga 
(71) used plant exrracts; and after purification, converted the atrazine to 
hydroxyatrazine and made quantitative measurements spectrophotometrically in 
13 
the ultraviolet region at 225, 240 and 255 mp. 
Gast and Ercegovich (36) used a thin-layer chromatography procedure to 
determine the purity of various triazines. Thi-s method had a limit of determina¬ 
tion of 0.012 pig. Manner (67), also working with thin-layer chromatography, 
rested many solvent systems on the various triazines. The limit of rheir detection 
ranged from 200-700 x 10 grams. Infra-red spectrophotometry (3!) has been 
used for qualitative and quantitative determination of atrazine in the microgram 
range. 
Gas chromatography has been used successfully not only for the triazine 
family but for identifying the individual triazine. C.hilwell and Hughes (19) 
used a Pye Argon chromatograph with a column of .5% w/w Apiezon-L liquid 
° 
phase, run at 200 C, and a .1% w/w of ethylene glycol adipate polyester, run at 
O 
175 C, The solid support in both cases was 120-150-mesh glass ballotini. The 
Apiszon column would not resolve the individual triazines, but the polyester 
column v/ould, taking fifteen minutes for a separation as opposed to twenty-five 
minutes for the Apiezon column. Benfield and Chi I we! I (il) used a similar 
column plus an internal standard. They were all able to determine less than 0.1 
pprn prcmetryne residue in such crops as wheat, potatoes, carrots, beans, peas, 
parsnips and others. 
Several other procedures used have been a F&M 720, WLD with a column 
of 5% Carbowax 20M on Anakrom 50/60 Type ABS. A PE I16E, FID with a column 
of 2.5% Pvecplex 400 on Kieselgur 80/100 mesh gGve a sensitivity of 0.1%. A 
14 
0.1% Reop'exon Kleselgur £0 100 mesh column cisc hcd c sensitivity :n fhe range 
oflpg(7I). 
Reynolds 83 reported that Yip has obtained sharp separation of propazine, 
ctrcz'ne, end simazine with a rr.icrocou'ometria delator. He used a 5’ aluminum 
column pocked with 1% Carbovax 6000 an SC 9C mesh Anakrom ASS at a tempera¬ 
ture of '85* C. Mattson ; 70 used a Dohrmarn microcou Some trie gas chromatograph 
equipped with a T-200-S titration ce'! sensitive to halides. He used a five-*'co* 
i/4 inch a'urr.I.njm tubing pecked with Ccrbov-ax 2C.M, Gc Nitrile Silicon Gum 
XE 60 and Ap’ezon-L on Anakrom AB3 . Of these, the Carbowax 20M gave the 
bes* resc’umon end allcv.ed ror the qualitative identification of the rriozin.es 
*ested. 
Henke! and Ecing -15 studied triazlne separation in a 2-merer coiumn at 
2.5% Verse mid 900 on 60 80 mesh Diatopcmt S. ”he Yersamid provided c the-mc!!y 
stabie phase, escemc’ly a1 temperatures of 300 C. Mixtures or the triczir.es could 
be sepc'c^ed using *hese co.nd’tio-s. 
Most cf *hese p^oced-.-es 'molve a laborious clean-up procedure, in which 
either picnr or so’’ extracts must be se—i-p^rif'ed berore analysis. The gas 
chroir.atogpopr*c Drcaedumes dc no* requhe a high degree of portico? ion c.nc have 
been used for crop residue analysis. Little application of this method has been 
used to measure t^e amount o~ uptake and accumulation cr rhe triezines v mr r. the 
plant. Y/ork of tin's type has usually been cone using C "-labeled triaz'oss. 
Davis e. a!. (22 reported a rcdiochemical asscy procedure tor cYazsne rrom p'ant 
material. This first involved a clean-up procedure followed by paper chromato¬ 
graph and autoradiography, Then the radioactive spots were counted with a 
Geiger-Muller tube. 
15 
Wheeler and Hamilton (119, 120) have quantitatively analyzed atrazine In 
plant material to determine a relationship between leaf concentration and leaf 
toxicity. Using wheat and corn, they found toxicity Vv'as not directly related to 
leaf concentration. Resistant corn will accumulate leaf concentrations comparable 
to sensitive species. Wheat grown in I ppm atrazine accumulated 2.4 to 4.8 ppm 
ctrazirie in three to four days, at which time acute toxicity symptoms first started 
to appear. Corn grown in 10 ppm atrazine for two weeks accumulated 3,8 ppm, 
but symptoms of toxicity never appeared, 
Roth (90) reported that plants have two defense systems against triazin.es. 
both involvina a modification of the toxic structure of the triazines. Further 
studies by Roth and Knusli (91) showed the presence of 2,4-dihydroxy-3-keta~7- 
methoxy-!,4-benzoxazine in corn sap. Simazine was broken down by this sub¬ 
stance and by 2,4-dihydroxy-3-keto~l/4-benzoxazine and by the glucosides of 
each. They concluded the capacity to resist simazine was due to the presence of 
these compounds in the plant. 
The simazine molecule was degraded in corn to the 2-hydroxy analogue as 
shown by Hamilton and Moreland (44) and by Ccstelfranco er a!. (18) „ Negi et cl. 
(75) analyzed for atrazine and the degradation product, hydroxyatrazine, in both 
resistant and susceptible species. All plants tested converted some atrazine to the 
16 
hydroxy form end the amount formed was correlated to resistance, with resistant 
species converting more to the hydroxy form. Hurter (51) reported that in addition 
to the hydroxy form, Coix lacryma-iobi degraded simazine to 2-hydroxy-4,6- 
diamino-s-triazine and 2-hydroxy-4-ethylamino-s-triazine. Montgomery and 
Freed (74) also reported all plants degraded the chlorotriazines to the hydroxy 
analogue with all portions of the triazine ring subject to oxidation. 
Kaufmen et al. (54) found that Aspergillus fumigatus degraded simazine in 
a different manner than degradation occurred in corn. A continuation of their 
« 
work (55, 56) showed the compound 2-ch!oro-4-amino-6*-ethylamino-s-iTiazine 
(Compound li) to be present. With atrazine, two products are possible following 
dealkylation, these being Compound II and 2-chloro-4~amlno-6-isopropyIamino” 
s-triazlne (Compound 1). 
Shimabukuro et ai. (99) reported the presence of only Compound I in pea 
plants, A continuation of this work showed Compound 1 to be less phytotoxic to 
the pea plants than atrazine. Also, both the roots and shoots could metabolize 
arrazine to this product (98), V/hen different plant species ranging from sus¬ 
ceptible to resistant were used. Compound !l was found only in the resistant 
sorghum (97). Only small amounts of unchanged atrazine remained after twelve 
days. 
MATERIALS AND METHODS 
Genera!. The experiments were conducted using seed from a uniform lot 
with germination in the range of 90 to 95%. Plants were grown in number 2 cans 
lined with plastic film bags end filled with washed sand. A volume of seeds were 
planted at the same depth in all cases and rhe sand kept moist until emergence, 
after which Hocgland's nutrient solution (46) was applied as c root drench every 
two days. Excess water was allowed to drain from the bottom of the cans. 
Plants were grown in c growth room under a sixteen-hour light paroc at 
80 ± 2 F and an eight-hour dark period at 76 ±2 F. Light was provided at an 
intensity cf 1300 fact-candles at the level of the cans by Sylvan!a F48T12-V/W-VHO 
fluorescent tubes. 
At the desired growth stages, plants were treated with various ccncenirations 
cf atrar.ine in water. Tine reported concentrations were of actual ingredient,, pre¬ 
pared from Atrar.ine BOW. Unless otherwise noted, all tests were completely 
randomized with three replications cer treatment. 
V l 
Root absorotion. The staces tested were I-rolled leaf, l/2-unrol led leaf. 
■i w 
i-unrolled leaf, 1.5 leaf, 2 leaf, advanced 2 leat, 2.5 leaf, 3 leaf, 4 leaf, 5 
leaf and 6 leaf. Treatment consisted of a 100 mi application to each replicate of 
either a 1, 2, 3, 4, 5 or 10 ppm atrazme solution. Throughout the eight-day 
experiment, daily measurements were faker*.. Height ct the plants in each repli¬ 
cation, measured in cm ro the tallest leaf tip, were averaged and statistically 
analyzed. Notations were made as to the- appearance cf ctrazine injury symptoms 
18 
and the lime of plant death. 
Leaf absorption. In the seeding procedure, care was taken to fii! each can 
level full with sand. A layer of cheesecloth was placed over the rop of each can 
and was held in place with an elastic band. As the seedlings emerged, they would 
grow through the cheesecloth, if it was stretched tightly across the surface. At 
the proper growth stage, the cans containing ten uniform plants were inverted over 
a beaker filled with the desired concentration of atrazine solution. In this way, 
the aerial portion of the plants was submerged in the atrazine solution. By having 
the can full, there was no movement or disturbance of the sand and roots, [he 
plants were submerged for one hour, after which the can was raised and placed on 
its side to allow the foliage to dry. The possibility of excess atrazine solution 
draining from the upright pi on t to the sand surface and leaching into the root zone 
was thus eliminated. 
The stages tested were the I leaf, 2 leaf, 3 ieaf, advanced 3 lear, 4 leaf 
and 5 leaf. The concentrations used were iO, 20, 50, !00, 200, 400, 600, 800 and 
1000 ppm atrazine. These experiments were conducted with and without a suncctcn 
added to the atrazine solution to determine :f its presence would enhance atrazine 
herbicidal activity. A non-ionic water dispersiole resin based sur.actani, ;rifon 
B— 1956, was used at the recommended concentration of 0.075%. Triton 3-I?j6 is 
a modified ph*ha!ic glycerol alkya resin in a solvent or ethylene dichioride. ;He 
mixtures were agitated several times during the treatment period to provide an even 
distribution of atrazine. Measurements of plant height were taken at the time of 
I? 
treatment and at two-day intervals for eight days following treatment. The appear¬ 
ance of injury symptoms were noted for a three-week period. 
Chloroplast structure. Plants in the I leaf and 1.5 to 2.5-leaf stages v/ere 
treated with 2, 5, 10 and 20 ppm atrazine. After the desired duration of treatment, 
which included 2, 4, 8, !2, 16, 20, 24, 32, 40, 43, 72 and 96 hours, the first 
leaf was harvested and the same relative area of each excised leaf was sectioned 
in nutrient solution. These sections were then placed in a 2% KMnO^ solution at 
4°C and held under a partial vacuum for two hours. After fixation in the KMnO^, 
the sections were washed several times in a cold 20% acetone-water solution to 
remove any excess KMnO^. The dehydration process was Initiated at this point and 
the sections remained in ccid 20% acetone-water solution for ten minutes. Dehy¬ 
dration was continued through cold 50% and 70% ccetcne-water solutions for the 
same period of time. The 70% wash v/as followed by a post-fixation stain, the 
purpose of which was to increase the density of the stained portions of the cel!; a 
1% uranyl nitrate solution in 70% acetone was used and the sections remained in 
this solution overnight in the refigeratcr. The following day, dehydration was 
continued at room temperature In a stepwise manner of ten minutes each through 
70%, 85%, 95% and !00% acetone solutions. 
The dehydration was followed by the modified Luft (66) embedding pro¬ 
cedure using an epoxy resin composed cf two stock solutions. Solution A was 
made up of 62 ml of Epon 812 and 100 ml of dodecsnyl succinic anhydride. 
Solution 5 was made of 100 ml of Econ 3i2 and 89 m! of nadic methyl anhydride. 
i • • 
o 
4. 0 
The tv.-o solutions were then mixed in the proportions of lA:2B and IA:IB. The 
latter mixture was used to a greater extent since it was softer and easier to cut. 
Hardening or polymerizing of the mixture was catalyzed by the addition of an 
accelerator, aimethy Jamino-methy I phenol (DMP-30), in the rctio of 1.5% v/v 
O 
followed by heating at 60 C for two or more days. 
Before the leaf sections were piaced in the final Epon mixture, they were 
transferred to a 50% Epon:acerone mixture for four hours. This was to remo/e 
excess acetone from the sections and cl low the cells to come to equilibrium with 
the diluted plastic mixture. Then followed a one-hour rinse in 100% Epon mixture, 
after which the ieaf sections were transferred to Epon in the mold in which they 
were hardened. The hardened capsules, removed from the mold, were trimmed 
with a razor biade and faced with a glass knife in a Porter-Bium. Serval! MT-I 
microtome. Silver-gray sections, approximately 600 A thick, were cut with a 
diamond knife and transferred to 400 mesh unsupported copper grids which were 
then examined with the Zeiss EM-9 microscope.' 
Chlorophyll determination. At the I leaf, 2 (ear end 3-leaf steges, I GO ml 
of either a 2, 5, 10 or 20 porn ctrazine solution was applied as a root drench to 
each of six replicates. At various time intervals following treatment, two to 
seventy-two hours, plants were hervested for analysis. The chlorophyll concentra¬ 
tion was determined using Axnon's method (3). The aerial portion of the plant was 
^The electron microscope wgs mode available through c grant from the 
National Science Foundation (Grant GB-1062 to J. R. Rowley). 
removed and 0.25 grams of fresh materia? v/as placed in an 30% acetone-water 
solution. This was then ground with a Virtis 45 homogenizer for five minutes and 
filtered through Whatman No. i filter paper. The residue was washed with 30% 
acetone to bring the 50 ml volumetric flask, containing the filtrate, to volume. 
A Zeiss PMQ il Spectrophotometer was used to read the optical densities at 652 mp 
Analytical procedure for atrazine determination, Barnvcrdgrass plants in 
the I leaf, 2 leaf, 3 leaf and 4-leaf stages were treated with I, 10, 20, and 
ppm atrazine. The duration of the treatment was variable, depending on the degre 
of injury expressed. In most cases this was ten days or less. At rhe end of the 
treatment period, atrazine was extracted from the plant material, using a method 
adapted from Mattson (70). 
The aerial portion of the plant was harvested, cried, and ground In a 
Wiley mill. Twenty-five ml of chloroform was added to the dried sample and 
shaken for forty-five minutes. The extract was filtered and the filtrate was 
evaporated to dryness In a rorary evaporator. The residue was taken up in 2 m! of 
benzene. Aluminum oxide of Activity V v/as used for cleanup, with 12 grams 
being packed in a 20 mm LD. chromatographic column with a scmtered glass base. 
The benzene solution was then transferred to the column and washed in with 
n-hexane, and the column eluted with 75 ml of hexane. Atrazine v/as quantita¬ 
tively recovered using !50 mi of a 1:1 mixture of benzene-hexane. This solution 
was evaporated to dryness in a rotary evaporator. The residue was taken up in 
ether and transferred to a centrifuge tube and evaporated to dryness. Immediately 
22 
before injecrion into the chromatograph, a known volume of ether, usually 0.1 ml, 
v/as added to the tube and the residue dissolved. Aliquots of this solution were 
used in the gas chromatographic procedure. 
22 
RESULTS 
Root absorption. The gross visual symptoms of ctrazine injury to 
barnyardgrass appeared as either a water-soaking of interveinal tissue about three- 
fourths of the distance to the leaf tip, or as a wilting followed by drying of the 
leaf tip. The latter condition, referred to as tip burn, progressed in a basipetal 
direction as the degree of injury increased. The severely burned condition refers 
to that condition where the leaves were completely wilted and were drying to a 
brown color. In +he more mature stages, 4 leaf to 6 lea'7, -he midrib of the leaf 
became weakened, allowing the leaf to fold or "break." Eventually the stem was 
effected and collapsed. The plants could be stunted by the atrazine bur not 
develop injury symprems. 
The time required for symptoms to develop was important in determining the 
most susceptible growth stage, since the more resistant stages ook longer for symp¬ 
toms to develop. Table I has the rime required for the first injur/ syrr.p-cm tc 
develop and the time for plant death to occur for representative atrazine concen¬ 
trations. The 2 ppm rave exhibited injury symptoms for some stages, i to 1.5 leaf, 
but did not result in plant death, increasing the concentration to 5 and 10 ppm lead 
to the development of injury symptoms and plant death in ail stages. The time 
required for symptoms to develop was greater in the I rolled to l-unrolled-Ieaf 
stages than the 1.5 to 2-leaf steges. The seme was true for the time required foi 
plant death to occur. Increasing the applied concentrafion to iO ppm brought 
about plant death in a shorter period of time than that required at lower 
24 
TABLE I 
TIME REQUIRED FOR VARIOUS STAGES TO DEVELOP INJURY 
SYMPTOMS AND FOR PLANT DEATH TO OCCUR 
FOLLOWING ATRAZINE APPLICATION 
Rate 2 pprn 5 ppm 1 0 ppm 
Days to 1st Symptom Kill 1st Symptom Kill 1st Symptom Kill 
! Rolled Leaf * * 6 10 6 7 
1/2 Unrolled Leaf 6 6 8 6 7 
1 Unrolled Leaf 6 5 10 5 8 
1.5 Leaf 8 3 5 3 5 
2 Leaf 2 7 2 5 
2+ Leaf 3 9 2 6 
2.5 Leaf 2 9 2 7 
3 Leaf 3 9 2 5 
4 Leaf 4 3 7 3 6 
5 Leaf 4 2 8 2 7 
6 Leaf 
— — 
3 
— 
3 8 
*Dashes indicate injury symptoms did not developer plant death did nor occur. 
25 
concentrations. Of the stages tested, the most immature required the longest 
period of time for symptoms to develop and death to occur. Plants treated in the 
4 to 6-leaf stages developed the broken midrib condition in which the midrib 
would become weakened and allow the leaf to fold. This prevented further 
elongation but allowed the injury symptoms to develop. The time required for 
plant death increased with maturity after the 4-!eaf stage. 
Table 2 exemplifies plant height of the various stages treated after the 
eighth day of the experiment. The means of the application rates show a decrease 
in plant heighr as the applied rates were increased. The difference between rate 
means indicates the increased effectiveness of each successive concentration 
increase. This was greatest at the I to 2 ppm rate and decreased with each increase 
in concentration. The means of the stages show a general increase in height for 
each successive stage. 
Statistical analysis of the plant height data for the l-rolled-ieaf stage 
through the 3-leaf stage show highly significant differences within each of the 
experimental variables, as illustrated in Table 3. Among the stages, there were 
only slight differences between the I —roI!ed — leaf stage and the i/2-unrolied-leaf 
stage. As the age of the plant increased, there was a significant increase in the 
average plant height. For the atrazine concentrations applied, the I ppm rate 
caused a significant reduction in plant height when compared to plants receiving 
no atrazine. Increasing the applied concentration to 2 ppm and 3 ppm resulted in 
significant reductions in plant height for each increase in concentration. Further 
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increases in concentration, up to 10 ppm, did not result in any further significant 
reduction in plant height. As for the eight-da/ duration of the experiment, each 
day exhibired a significant increase in grov/th. 
Figure I expresses the effectiveness of each application rate in reducing 
the growth rate within each stage. The I ppm caused a reduction in height at all 
stages, but the degree of reduction was not the same for each stage. The I, 1.5 
and 2-leaf stages exhibited the greatest reduction In height, followed by the 
1 rolled and 1/2-unroMed-Ieaf stages. Increasing the concentration to 2 ppm 
caused the larger decreases in the I rolled, 1/2 unrolled, 2+, 2.5 and 3-ieaf 
stages. For all stages, there were only slight reductions in height when concen¬ 
trations were increased from 3 to 10 ppm. 
Figure 2 shows the daily plant height of each stage, treated at ail rates, 
over the eight-day duration of the experiment. The increase in plant height was less 
for the I rolled to 2-leaf stages than for the advanced 2 leaf to 3-lear stage. From 
this, it wgs evident that as the plant matured, the effect or atrazine on plant 
growth was less. 
Figure 3 illustrates the effect on growth of rhe various atrazine concentra¬ 
tions, for all stages, over the eight-day duration of the experiment. All rates show a 
stunting effect dependenton the concentration applied. There was little difference 
between the 3 ppm to !0 ppm treatments, with each being less than the ! ppm or 
2 ppm rate. After the eight-day period, those treated v/ith 3 to 5 ppm exhibited 
o slight recovery of growth, but this did net occur at the 10 ppm treatment. 
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ATRAZINE TREATMENT (ppm) 
EFFECT OF ATRAZINE CONCENTRATION ON GROWTH REDUCTION 
WITHIN EACH STAGE OF BARNYARD GRASS DEVELOPMENT 
30 
FIGURE 2 
DAILY HEIGHT OF EACH STAGE OVER EIGHT-DAY PERIOD 
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FIGURE 3 
.. ■'» .r--1 --> ->-’ 1 ’ 
012 345678 
DAYS AFTER TREATMENT 
EFFECT OF ATRAZINE CONCENTRATION ON GROWTH 
OVER EIGHT-DAY PERIOD 
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Leaf absorption. Foliar applications of atrazine led to the development 
of injury symptoms very similar to those that developed following roor absorption. 
These included stunting, leaf burn, breaking of midrib and eventual death of the 
plants. The atrazine concentrations required to bring about these changes were 
greater than those required for root absorption, being in the range of 100 to 1000 
ppm as opposed to I to 10 ppm for root absorption. The time required for injury 
symptoms to develop was dependent upon the stage of growth treated, the appli¬ 
cation rate, and whether or not the surfactant was used. 
Table 4 shows the effect of these three variables, as their respective 
mecns, eight days after treatment. For each rate, the presence of the surfactant 
caused a greater reduction in height as compared to treatments not receiving the 
surfactant. For each rate, the difference between the surfactant and the no 
surfactant means indicates that as the concentration increases the effect of the 
surfactant was less. From the difference between the stage means, with and 
without surfactant, within the various stages, the greatest growth inhibition due to 
the addition of surfactant to the atrazine was in the 3 leaf and older stages. 
Statistical analysis of plant heights after the first eight days following 
treatment indicated significant differences existed among the treatments. Tables 5 
and 6 express the differences within each of the experimental variables, these being 
grov/th stages, atrazine concentration, with and without surfactant, and duration 
of treatment. The comparison of treatments with and those without the surfactant 
show that the mean height of plants receiving the surfactant plus atrazine 
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TABLE 5 
EFFECT OF SURFACTANT AND ATRAZINE CONCENTRATION ON FOLIAR 
ABSORPTION BY GROWTH STAGES OF BARNYARDGRASS OVER AN 
EIGHT-DAY PERIOD AS MEASURED BY PLANT HEIGHT (cm) 
MEANS 
Treatment 
Surfactant Growth Stages Application Rates Duration 
(days) 
1 0 ppm 6.906 ab 
1 leaf 3.046 a • *0 3.944 a 
No S* 7.064 a** 20 ppm 7.403 a 
2 leaf 4.989 b h 4.853 b 
50 ppm 6.623 b 
3 leaf 7.163 c 6.047 c 
S* 5.992 b I 00 ppm 5.960 c 
3+ leaf 10.908 d *6 7.730 d 
200 ppm 5.741 c 
*8 I 0.063 e 
200 ppm 5.72! a 
1 leaf 1.943 a *0 
3.858 a 
No S 6.094 a 400 ppm 5.640 ab 
2 leaf 3 9 i0 b *2 4.874 b 
600 ppm 5.463 abc 
3 leaf 6.760 c f4 5.535 c 
S 4.681b - 800 ppm 5.000 c 
3i' leaf 8.930 d * U 5.989 d 
i000 ppm 5.102 c 
*3 6.633 e 
* No S - No Surfactant S - Surfactant 
**Mears within columns followed by the same letter do nor differ at the 1% 
level, using Duncan's multiple range rest. 
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TABLE 6 
EFFECT OF SURFACTANT AND ATRAZINE CONCENTRATION ON FOLIAR 
ABSORPTION BY GROWTH STAGES OF BARNYARD GRASS OVER AN 
EIGHT-DAY PERIOD AS MEASURED BY PLANT HEIGHT (cm) 
_MEANS_ 
Treatment 
Surfactant Growth Stages Application Rates Duration 
(days) 
No S* 23.3 
•a. * 
c 
S* 20.63 b 
0 ppm 27. 76 a 
19.93 a 
21.12 b 
22.23 c 
23.03 d 
23.53 e 
200 ppm 2 1.75 b 
400 ppm 21.61 be 
600 ppm 20.96 bed 
800 ppm 20.62 cd 
5 leaf 28.34 b 
1000 ppm 20.22 d 
4 leaf 15.59 a 
I 0 ppm 2 1.76 b 
20 ppm 2 1.87 b 
50 ppm 2 '. 92 b 
I 00 pprn 21.19 bed 
f0 
*2 
f4 
f8 
* No S = No Surfactant S = Surfactant 
**Means wirhin columns followed by the same ietter do not differ at the i% 
level, using Duncan's multiple range 'est. 
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treatment was less than where atrazine was used alone. The mean height of the 
stages treated were significantly different from each other. The decrease in 
growth due to atrazine treatment was, in general, dependent upon the concen¬ 
tration applied, with the greatest inhibition occurring at the higher rates of 
application. 
The amount of growth which occurred per unit of time was important in the 
exemplification of the final injury symptoms. Throughout the experiment, there 
were overall significant increases in growth at each two-day interval. Tables 5 and 
6. The growth per two-day interval was dependent on the stage involved, presence 
or absence of the surfactant and the concentration of applied atrazine. Tables 7 
through 9 show the two-day growth and the total eight-day growth for representative 
treatments. Table 7 of the l-leaf stage shows all rates caused a reduction in the total 
growth. Little difference existed between the 20 ppm to 100 ppm rates; but as con¬ 
centrations increased above 200 ppm, the growth decreased. No injury symptoms 
developed until rates in excess of 400 ppm were used. At the 800 and 1000 ppm 
rates, there were severe burns after six days and 100% kill after eight days. In the 
presence of the surfactant, tip burn was present on plants treated with the lower 
concentrations after four days; and although the plants were stunted, when compared 
to the check, they recovered and resumed growth, as shown by the increased 
growth per two-day interval. Increasing the concentration to 200 ppm or more in 
the presence of the surfactant allowed slight increases in growth the first four 
days after treatment, after which growth ceased. Within six days, there was 
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severe leaf burn and 100% kill after eight days. 
The 2-leaf stage. Table 8, exhibited reduced total growth as the con¬ 
centration increased and the surfactant was added. Leaf burn developed in the 
100 ppm treatment after eight days, in the 200 ppm treatment after six days, and 
in the 400 ppm rate after four days. These plants continued to develop and re¬ 
covered. Application of 800 ppm resulted in severe leaf burn after six days and 
100% control at twelve days. With the surfactant added, the total growth for all 
rates was less and the time for symptoms to develop was shorter than where the 
surfactant was not used. For rates of 100 ppm and less, injury symptoms developed 
within four days; and although plants were stunted, they were not controlled and 
resumed growth. Only slight increases in height occurred during the eight days 
after treatment with 200 ppm or more. Injury developed within rwo days and 
increased in severity with time; and after eight days, all treatments over 200 ppm 
exhibited 100% control. 
With the 3-leaf stage, all application rates led to reduced total growth 
after eight days, when compared to the control. Plants receiving 20 ppm exhibited 
a norma! but stunted appearance at the end of the experiment, while plants treated 
with 50 ppm had leaf burn after six days, increasing the atrazine concentration 
brought about an earlier showing of the injury symptoms and small amounts of 
additional growth. With the surfactant, tip burn appeared within two days at 
rates of 50 ppm or higher. After the first two days, there was little new growth; 
and at rates of 400 ppm or more, 100% control occurred w>thin eight days. 
H
E
R
B
IC
ID
A
L
 
E
F
F
E
C
T
 
O
F
 
A
T
R
A
Z
IN
E
 
F
O
L
L
O
W
IN
G
 
A
P
P
L
IC
A
T
IO
N
 
A
T
 
2
'L
E
A
F
 
S
T
A
G
E
 
39 
~P ~0 ~0 ~0 ~0 ~Q 1 "D-D "U 
c ___ d> o <V o v o 
w 
a> <u <D 
E 
4- -V- ■4— -4— ■4— -4- 4— vj c: c c c c £ C C - c - 
4— O o 3 3 3 3 3 1 3 3 — 3 — 
* “• *4- -4- t - 4— 4— • •-** • — 
~o (/> cn l/> i/> CO CO CO _y CO _y _y 
c 1 
o 
u 
c 
_o 1 ■vO O'- O'- 
vP 
O' 
— CL o CN X C^) X X 1 X X X o 
o 
o o o 
a U- no CN CN ■■ NO CO UO NO o X o c 
C I 
O 00 *0 
• 
NO 
• 
X X X CO I 
• 
X 
• 
X 
• 
o 
• 
in 
1 
! 
X 
0 Ly 
1 
1 
in * 1 
>v 
n o 1 1 1 1 1 1 1 i i 1 1 X X X X 
~a 00 1 1" 
o £ 
1 
p 1 
CL 1 
_Q 
C~ E 
1 . • 
c X * i 
—J 
z -4- r/5 
1 1 CO X X X 1 1 NO X- X" X X CN 
s_ 
1 
1 
_c 
•V* CO X NO in X O X 
1 
I X" 
fc 
NO o o o O 
£ E CN o IX CO CO X X i X O o X o X 
o 
,u. 
• • • • • 1 • • • • • • • 
i— o oo X NO in X 1 X- CO X- X X — — 
O 1 
1 
X 
a 
CO 
1 
no 
• 
CO 
CO 
• 
CO 
X 
• 
X 
O 
• 
X 
• 
uo .8
6
 
1 
1 
1 
X 
.3
7
 
.3
3
 
.3
7
 
.0
6
 
.0
3
 
o 
~o CO CO CO X X — 1 NO 
o 1 
1 
1 
1 
o o CO o X X X — X o X X o o X NO 
D 
a 1 
LO o X uo X I X- X X X- o X o 
X CN — — — — — 1 X — 
E i 
a 
1 
a; 
</* X X IX X _ o x. CO 1 o o X X X X- o 
o 1 X- no o X LO X X- i X CO NO o — X a 
1. 
CJ 
CM CO CN X X — — l X 
c • — i 
! 
G) CM CN CN X CO o — o | X X X NO X o X 
O 1 X CO X' X o 1 X X X o o X 
* O i 
1 
“ 
•4— C c E E p E 
1 
1 c E E E E tz u- 
C CL CL CL Cl CL CL 1 CL Cl CL CL Cl a. o 
E 
A— 
o a. Q- CL Cl CL CL o CL CL CL CL a. CL 
u. o o o O O o 1 U O o O o o o 
o c CN in o CN in o r-~ O o o o o o 
a> 
L. 0 
1 6 X X" X X X X 
i— U OO OO OO i u X X X 
D
as
h
es
 
in
d
ic
a
te
 
in
ju
ry
 s
y
m
p
to
m
s 
d
id
 
n
o
t 
d
e
v
e
lo
p
 o
r 
p
la
n
t 
d
e
a
th
 
d
id
 n
o
t 
o
c
c
u
r.
 
40 
!n the advanced 3-leaf stage, plants receiving !0Q ppm or less exhibited 
slight reductions in total growth; but no injury symptoms developed throughout the 
experiment. Increasing the concentrations to over 400 ppm increased the amount 
of growth inhibition and caused leaf burn to develop twelve days after treatment. 
Addition of the surfactant caused a much greater reduction in height, especially 
during the first two days. Injury symptoms developed within two days and the 
severity increased with rate. Significant control, 85+%, occurred only where rates 
of 800 ppm or more were applied. 
For the 4-leaf stage. Table 9, plants not receiving the surfactant exhibited 
growth reduction, with higher concentrations giving the greatest reductions. The 
first injury symptom was the broken midrib of the leaf, end this developed at rates 
higher than 100 ppm after two to four days. The plants were not killed by the 
applied rates, but the amount of growth following treatment was greatly reduced. 
Where the surfactant was added, the midrib would "break" during the first two-day 
interval, thus preventing additional growth. After ten days, there was 100% 
control with rates of 800 ppm or more. 
The effect of atrazine on the 5-ieaf stage was similar to that in the 4‘*lear 
stage, except the total eight-day growth was less here. At rotes of 800 ppm or 
more, 90% kill resulted after fourteen davs„ As for the usage of the surfactant, 
there was no new Growth after treatment; and 95% control occurred otter fourteen 
w 
days. 
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Chloroplast changes. The electron micrographs of barnyardgrass chloroplosts 
show their appearance in normal. Figures 4 to 6, and atrazine treated. Figures 7 
to 14, leaves. Table 10 contains the key to the symbols used on the electron 
micrographs. 
Fig ure 4 shows a group of chloroplasts, each surrounded by the double¬ 
layered chloroplast envelope. Interspersed between the chloroplasts are mito¬ 
chondria. Within the chloroplasts are the grana, frets and stroma. The grana are 
composed of regularly aligned compartments, thylakoids, the number of which 
vary from several to fifty or more. The long axis of the granum is usually perpen¬ 
dicular to the chloroplast envelope. The frets connect the grana to form an 
anastomosing lamellar system, which is suspended in the granular stroma. Figure 5 
reveals the individuality of each thylakoid within the granal stack. The thylakoid 
is composed of an electron transparent loculus bonded on each side by electron 
dense membranes. Thus, between each loculus there are two membranes. These 
usually appear as a single line; but with good resolution and high magnification, 
a narrow space between membranes becomes evident. Figure 6 exhibits typical 
starch grains within the chloroplast, appearing as white oblong bodies scattered 
among the intergranal lamellae. 
The structural changes exhibited by the chloroplast envelope, grana and 
frets were used as a criterion in determining the degree of atrazine injury. In 
addition, the appearance of the mitochondria was noted. Within the limits of our 
examination, the mitochondria exhibited the same appearance in the controls as in 
43 
TABLE 10 
KEY TO ELECTRON MICROGRAPH SYMBOLS 
C . Chloroplasf 
♦ • 
CR ... Ruptured Chloroplasf Envelope 
E  Chloroplasf Envelope 
M  Mitochondria 
S . Starch 
F ... Norma! Frets 
FS  Slightly Swollen Frets 
FM .. Moderately Swollen Frets 
FE ... Extensively Swollen Frets 
G  Normal Granum 
GS  Slightly Swollen Granum 
GM ... Moderately Swollen Granum 
GE  Extensively Swollen Granum 
T .: .. Normal Thylakoid 
L  Loculus 
W  Cell Wall 
v 
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FIGURE 4 
CHLOROPLASTS OF UNTREATED BARN YARD GRASS TISSUE 
MAGNIFICATION 43,000 
45 
FIGURE 5 
CHLOROPLAST OF UNTREATED BARN YARD GRASS TISSUE 
MAGNIFICATION 112,000 
FIGURE 6 
CHLOROPLASTS OF UNTREATED BARNYARD GRASS TISSUE 
MAGNIFICATION 20,000 
47 
all of the treated materials. The presence and abundance of starch grains were also 
indicative of atrazine treatment. Untreated material usually exhibited an abun¬ 
dance of starch granules; but in the presence of atrazine, the number of granules 
was dependent upon the duration of treatment. Starch was present after two and 
four hours of treatment at all rates, but only in the lowest rate, 2 ppm, after 
eight hours. Only traces were evident when the treatment exceeded eight hours. 
Atrazine brought about a swelling or expansion of the membrane bounded 
sub-units of the cnloroplast. In describing the degree of damage, the following 
parameters were used. Slight swelling of the fret system refers to a separation of 
the bounding membranes of the frets without altering their parallel orientation. 
Expansion of the frets to a circular form, called vesicles, was classified as 
moderate; and extensive swelling referred to vesicles that had ruptured and also 
the resulting debris. Within rhe grana, the thylakoids exhibited swelling or 
expansion. This swelling was initiated in the outermost thylakoids of the grana! 
stacks and progressed inward as the severity of injury increased. In slightly 
swollen cases, the outer thylakoids were expanded but those at the center or 
interior of the granum were normal. Moderate swelling v/as characterized by 
expansion of the majority of the thylakoids within a granum but with the original 
form of the grana retained. In extensively swollen areas, the grana lost their 
shape and the thylakoids appeared as circular bodies. As the injury intensified, 
the membranes were ruptured. Within a cell, one or more chloroplast could be 
in an advanced stage of breakdown while adjacent chloroplasts were only 
48 
moderate!/ effected or r.ormai in appearance. In classifying the degree of swelling, 
the predominant condition was reported. The chloropiasf envelope could also be 
injured. This usually appeared as a breaking of the envelope followed by its 
disruption and disintegration. In severe cases, it was completely absent. 
Electron micrographs of material treated for two hours to four days with 
concentrations of 2 ppm to 20 ppm v/ere examined and compared to the normal 
control plant which received no atrazine. After two hours, the following effects 
were noted: starch was present in all the rates tested; the chloroplasr envelope 
v/as disrupted in the 2 ppm treatment but was intact at the 5, 10 and 20 ppm; and 
the thylakoids exhibited slight to moderate swelling while the frets were moderately 
to extensively swollen. Figure 7 of the 5 ppm rate shows the moderate damage to 
the frets and grana while the chloroplast envelope was intcct. Micrographs of the 
10 and 20 ppm rates v/ere very similar. 
Increasing the exposure period to four hours gave moderate swelling of the 
frets and grana in the 2 ppm treatment. Figure 8. The chloroplast envelope was 
intact and starch was present. Four hours at 5 ppm. Figure 9, gave an overall 
appearance of extensive swelling and breakdown of the fret system and extensive 
swelling of the grana. The chloroplast membrane v/as ruptured with the contents 
released into the cell. Of interest, however, is the variation between adjacent 
cells. Chloroplasts within the adjoining cell had intact envelopes, norma! grana 
and slightly swollen frets. Figure 10 of 20 ppm exhibits the range of injury symp¬ 
toms from complete disruption of the lamellae structure to one of moderate damage. 
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FIGURE 7 
CHLOROPLASTS OF PLANTS TREATED WITH 5 ppm ATRAZINE 
FOR TWO HOURS MAGNIFICATION 38,000 
50 
FIGURE 8 
CHLOROPLASTS OF PLANTS TREATED WITH 2 ppm ATRAZINE 
FOR FOUR HOURS MAGNIFICATION 20,000 
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FIGURE 9 
CHLOROPLASTS OF PLANTS TREATED WITH 5 ppm ATRAZINE 
FOR FOUR HOURS MAGNIFICATION 16,000 
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FIGURE 10 
; Hv wm **&■■ ' Mi 
CHLOROPLASTS OF PLANTS TREATED WITH 20 ppm ATRAZINE 
FOR FOUR HOURS MAGNIFICATION 12,000 
53 
with representative examples of intermediate injury. The chloroplasts have 
retained their shape even though the envelope has completely disintegrated in most 
areas. This may indicate the degree of injury that occurs before their complete 
disruption. 
The effect of atrazine was unmistakably evident after eight hours of 
treatment over the range of concentrations used. At the 2 ppm rate, although 
starch was present and the envelope was still present, the thylakoids were swollen 
and the frets were extensively damaged. Increasing the application rate over 
2 ppm resulted in a complete absence of starch. Furthermore, the chioroplast 
envelope was usually disrupted arid the lamellar system exhibited moderate to 
extensive swelling. Figure II is of the 20 pprn application and shows the vesicula- 
tion that occurred in the development of the symptoms of atrazine injury. 
The twelve-hour treatment duration exhibited injury symptoms at the 2 ppm 
rate. Only traces of starch were present, the plastid envelope was intact and there 
was slight swelling of the lamellar membranes. Increasing the rates to 5, 10 and 20 
ppm intensified the symptoms. Figure 12 of the 10 ppm rate shov/s the abundance 
of vesicles and the swelling of the outer thylakoids before any appreciable injury 
to the inner thylakoids. 
Figure 13 of the sixteen-hour treatment at 2 ppm shows the complete 
destruction and disintegration of the fret and granal systems. This duration was the 
shortest for which the 2 ppm dosage produced extensive swe! ling and an absence of 
starch. All higher rates caused similar damage; for example. Figure 14 of 5 ppm 
54 
FIGURE I I 
CHLOROPLAST OF PLANTS TREATED WITH 20 ppm ATRAZINE 
FOR EIGHT HOURS MAGNIFICATION 34,000 
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FIGURE 12 
CHLOROPLAST OF PLANTS TREATED WITH 10 ppm ATRAZINE 
FOR TWELVE HOURS MAGNIFICATION 26,000 
56 
FIGURE 13 
CHLOROPLAST OF PLANTS TREATED WITH 2 ppm ATRAZINE 
FOR SIXTEEN HOURS MAGNIFICATION 65,000 
57 
FIGURE 14 
CHLOROPLASTS OF PLANTS TREATED WITH 5 ppm ATRAZINE 
FOR SIXTEEN .HOURS MAGNIFICATION 12,000 
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shows the breakdown end separation of the chloroplast contents. The chloroplast 
envelope has been complete!/ destroyed and the lamellar membranes are severely 
swollen or.ruptured. All treatments of longer duration showed the same severe 
damage and breakdown. 
Table II summarizes the results obtained. Of the sub-units examined, 
the frets exhibited the most severe injury symptoms within the shortest time. The 
thySakoids were next In susceptibility, followed by the chloroplast envelope. The 
breakdown of starch occurred after eight hours with only traces appearing in treat¬ 
ments of longer duration. 
There was a definite difference in the effect of application rates within a 
specific treatment duration, especially in the two and four-hour periods. By 
twelve hours, there -was little difference between the 5 and 20 ppm rates, although 
the 2 ppm rate developed slightly less severe symptoms. After sixteen hours, 
there was essentially no difference between the 2 and 20 ppm rates. 
Various stages of maturity were subjected to the same treatment procedures. 
The results of comparing similar micrographs indicated that the same structural 
changes developed, whether the plant was at the 1.5 leat or the 2 to 2.5-!eaf 
stage at the time of treatment. 
The described ultrastructural changes occurred before there were any 
externa! symptoms. At the ultrastructural level, the chloroplast sub-units were in 
an advanced stage of degradation before the initiation of any gross morphological 
changes. 
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TABLE I! 
CHLOROPLAST ULTRASTRUCTURAL CHANGES 
INDUCED BY ATRAZINE 
Treatment Chloro plast Subunits 
Duration Rate Starch Envelope Thy lakoids Frets 
0 ppm present intact normal normal 
2 hrs. 2 ppm present disrupted slight* ext. * 
5 pprn present intact mod.* mod. 
10 ppm present .intact slight mod. 
20 ppm present intact mod. mod „ 
4 hrs. 2 ppm present intact mod. mod. 
5 ppm present disrupted ext. ext. 
20 ppm present disrupted ext. ext. 
8 hrs. 2 ppm present intact slight ext. 
5 ppm absent disrupted mod. ext. 
10 ppm absent intact sliaht slight 
20 ppm absent disrupted ext. exr. 
12 hrs. 2 ppm trace intact slight ext. 
5 ppm absent disrupted ext. ext. 
10 ppm absent disrupted mod. ext. 
20 ppm absent disrupted mod. slight 
16 hrs. 2 ppm absent disrupted ext. ext. 
5 ppm trace disrupted ext. ext. 
20 ppm absent disrupted mod. mod. 
20 hrs. 2 ppm absent disrupted exr. ext. 
5 ppm absent disrupted ext. s i igh t 
20 ppm trace disrupted ext. mod. 
4 days 2 ppm absent disrupted ext. ext. 
10 ppm absent disrupted ext. exr. 
*Ext. - extensively, mod. - moderately, slight = slightly swollen 
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Chlorophyll. Plants treated in the 1-leaf stage were analyzed at vcrious 
intervals during the seventy-two hour period following treatment. The chlorophyll 
concentrations were calculated and the values subjected to an analysis of variance. 
Table 12 shov/s the effect of rate of application and duration of treatment on the 
chlorophyll content. In the I-leaf stage, after ten hours, there v/as a significant 
decrease in the chlorophyll concentration of plants treated at the higher rates as 
opposed to the control and 2 ppm treatment, ihe effect of the application rate 
was more apparent with the passage of time. At the end of eighteen hours, each 
increase in rate significantly reduced the chlorophyll content. 
r 
The seme procedure was used for plants in the 2-leaf stage. Plants were 
harvested after four hours and at periodic intervals up to seventy-two hours. 
Table 12 shows the significant changes at the various times. At four hours, there 
was no significant differences between the control and treated plants. After 
eight hours, the control plants had significantly more chlorophyll than any of the 
treated plants. The effect of rate was not as clear-cut as with the 1 -leaf stage. 
As the duration increased, the effect of concentration v/as more apparent. After 
forty-eight hours, the 10 and 20 ppm rates were significantly lower than other 
treatments. The 3-!eaf stage was the most resistant tc atrazine in that sixteen 
hours were required to give a significant decrease at the 5% level. The concen¬ 
tration of chlorophyll was dependent on the application rate, with the higher 
rates having the least chlorophyll, 
Atrazine determination. Several chromatographic procedures were tried 
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with varying degrees cf success. The following procedures would not detect 
atrazine: (!) a glass column packed with 0.1% ethylene glycol adipale ester on 
140 mesh glass beads, which was used in an A-90-P Aerograph having a thermal 
conductivity detector run at I75°C with the flow rate of helium carrier gas 
varied from 40 to 60 rru/min.; (2) a Hy~Fi electron capture chromatograph with a 
5% Dov/-ll Chromosorb W column; and (3) an Aerograph A-600-B hydrogen flame 
ionization detector with a 90% Apiezon L on Chrcm P 60/80 mesh at 270 C, and 
a 5% 5E 30 on Chrom P 35/80 mesh. 
The best results were obtained with a 5% Carbowax 20M on Chromosorb W 
60/80 mesh. This column was constructed by dissolving 0.25 grams cf Carbowax 
20M in chloroform and adding this to 5 grams of Chromosorb W, The resulting 
slury was continuously stirred until the chloroform had evaporated. The powder 
was placed in a 60°C oven to dry overnight. A five-foot 1/8 inch copper column 
was constructed from this packing. This column was then used in an Aerograph 
Hy-Fi Model 6G0-D Chromatograph with an Esterline Angus Series "E", Model 
E1101—E Single Channel Rotary Servo Recorder. Conditions giving the best results 
were: an oven, temperature of i90°C; and injection block temperature of 240 C; 
and gas gauge settings of helium 48, compressed air 28, and hydrogen 24. 
Under these conditions the retention time of atrazine v/as 18 minutes. 
Results cf the analysis of plants treated in the I to 4-leaf stages showed 
that atrazine was accumulated in the aerial portions of the plant following root 
absorption. Table 13 lists the stages treated and the concentration of atrazine as 
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moles per gram of dried plant material. These are relative concenrrations cr.d 
express the differences in the ability of the various stages to absorb and accumu¬ 
late atrazine. Within a particular stage, the amount present v/as dependent on 
rhe concentration applied. This was not a linear effect in that the concentration 
reported between treatments was not in a direct proportion to the applied rates. 
Plants in the I and 2-leaf stages treated with 1000 pprn exhibited severe 
leaf b urn and were harvested after five and four days, respectively. The concen¬ 
tration of atrazine in the plants at this time was 4.2 x 10"^ M/g and 5.2 x I0"'7 
M/g. At the 2-ieaf stage, 3.1 x 10 M/g had accumulated within two days. 
The more mature stages, 3 and 4 leaf, accumulated higher concentrations than 
the I or 2-leaf stages. 
The results of a times series study involving the 3-leaf stage treated at 10 
and 100 ppm for periods up to five days. Table 14, again showed higher atrazine 
concentrations present In plants treated with 100 ppm as compared to 10 pprn. For 
durations of less than thirty-six hours, traces of atrazine were present. Table 15 
presents the results obtained from analysis of plants in the I leaf through the 2.5 leaf 
stages, ihe concentrations accumulated v/ere again dependent on the rate applied. 
In addition, the atrazine degradation product, 2-chloro-4-amino-6- 
isopropylaminc-s-triazine (Compound I) was present. Using authentic materiel, 
the relctive retention time was found to be 2.1 times that of atrazine for the 
analytical conditions employed. Besides comparing the retention times of known 
vs. unknown, chromatograms were made with known Compound I added. A. single 
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TABLE 13 
ATRAZINE ACCUMULATION IN BARNYARD GRASS 
Treatment Duration Molar Concentration x iO 1 M/g 
1 Leaf 20 ppm 10 days 2.213 
1 Leaf 1000 corn t / 5 days 4. !99 
2 Leaf 20 ppm 10 days 0.561 
2 Leaf 1000 ppm 2 days 3.095 
2 Leaf !0C0 ppm 4 days 5.243 
3 Leaf 20 ppm 10 days 1.415 
3 Leaf 1000 ppm 10 days 15.313 
4 Leaf 20 ppm !0 days 4.928 
4 Leaf i COO pprn 10 days 19.897 
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TABLE 14 
ACCUMULATION OF ATRAZINE AND ITS METABOLITES 
IN BARNYARD GRASS TREATED AT THE 3-LEAF STAGE 
Treatment Duration 
Molar Concentration x 10''7 M/g 
Atrazine Compound 1* Compound II** 
100 ppm 36 hrs. 0.533 trace 48.668 
10 ppm 36 hrs. trace trace 
100 ppm 2 days 2.338 • trace 47. 152 
10 ppm 2 days 1.948 ! .834 
100 ppm 3 days 2.301 trace 53.608 
10 ppm 3 days ! .5 !2 trace 
ICO ppm 5 days 0.835 0.976 59.002 
10 ppm 5 days 0.640 trace 
* 2 -c h I oro -4 -am i no -6-1 so pro py I am i no ~s -tr i a zin e 
** 2-chIoro-4-amino-6-ethylamina-s-iriazine 
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TABLE 15 
ACCUMULATION OF ATRAZINE AND ITS METABOLITES 
IN BAR NY ARDOR ASS 
Molar Concentration x 10 ^ 
Treatment Duration Atrazine Compound 1* Compound II** 
2.5 Leaf 10 ppm 9 days 3.494 13. 146 20.939 
2.5 Leaf 1 ppm 9 days 1.512 6.490 17.429 
2 Leaf 10 ppm 6 days 1.466 1.482 60.870 
2 Leaf 1 ppm 10 days 0. 106 0.229 11.291 
1.5 Leaf iO ppm 6 days 2.5 19 2.096 119.867 
1.5 Leaf 1 ppm 12 days 0.269 trace 27.723 
1 Leaf 10 ppm 13 days 1.517 trace 10.259 
1 Leaf 1 ppm 13 days 0.607 0.469 22.691 
* 2-chloro 
** 2-chloro 
-4-arnino 
-•4-amino 
-6-isoprop/lamino-s-triazin 
-6-ethy iamino-s-triazine 
e 
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peak, larger In sijie, offered further evidence that the two materials were the 
same. Tables 14 and 15 have the concentrations found in the plant material tested. 
The presence of a second degradation product, 2-ch!oro-4-amino-6~ 
ethylami.no"“S“triazine (Compound I!) was determined in a similar manner. It had 
a relative retention time of 3.0 times that of atrazine. The column temperature 
used for this determination was 2I5°C in order to shorten the retention time. The 
concentrations of Compound Ii, Tables 14 and 15, were much higher than those 
reported for either atrazine or Compound 1. 
Samples of the commercial grade atrazine 80 W, used in the experiments, 
were chromatographed to determine if Compounds I and ii were present. Neither 
compound was present, as determined by the absence of a peak at its respective 
retention time. Authentic samples or hydroxyatrazine were chromatographed, but 
it also was not detectable under the conditions employed. A typical chromatograph. 
Figure 15, shows the respective peaks of atrazine (A), Compound ! (I), and Compound 
U (ID. 
FIGURE 15 
GAS CHROMATOGRAPH OF ATRAZINE TREATED BARNYARD GRASS 
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DISCUSSION 
Root and leaf absorption. The results show a definite variance in the 
susceptibility of various growth stages to the effect of atrazine. In considering 
only root uptake, the rolled and l-unrolled-leaf stages were more resistant to 
injury than the older stages, since five to six days were required for injury symp¬ 
toms to develop, compared to only two days at the more mature stages. One 
possible reason for this is the inability of the seedling, when having only the 
primary root, of absorbing enough atrazine from the soil solution to bring about 
death of the plant within a short period of time. A certain amount was absorbed, 
because stunting of the plants occurred even at concentrations as low as I ppm. 
It was previously thought that atrazine was readily absorbed by and translocated 
from the "resistant" root (6i). Recently, however, Shimabukuro (98, 100) reported 
evidence that the roots are not highly resistant to atrazine and injury following 
atrazine exposure can occur. Whether enough is absorbed to injure the absorption 
mechanism and thus halt additional accumulation that would bring about control, 
or whether through a physical limitation, due to size, the root system is not 
capable of absorbing sufficient quantity has not yet been determined. 
If the ability to absorb Icrge quantities of atrazine was the limiting factor 
in determining susceptibility, then plants with a mere highly developed root 
system would be the most susceptible. The results, however, show the plants 
become more resistant when the plant was in the 5 to 6-ieaf stages. Also, if a 
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direct relationship existed between the amount of uptake and injury initiation, 
then the treatments receiving higher rates would show symptoms first (22). This 
was true to some extent, but not to the degree that would be expected. In the case 
of 5 ppm vs. 10 ppm, there was little difference in the time required for symptoms 
to develop, although the latter received twice as much atrazine. 
In the susceptible stages, rates as low as 2 ppm would initiate leaf burn, 
although the plants later recovered except for the stunting effect. The more 
resistant stages required higher concentrations, possibly due to a dilution of 
absorbed atrazine in the plant. This, however, would only be true if the atrazine 
acred as a systemic herbicide end was reedily translocated from the xylem through¬ 
out the plant. Sheets (96) has shown atrazine to move rapidly in the transpiration 
stream and accumulate at the leaf margins of dicotyledoneous plants and in the 
leaf tips of monocotyledoneous plants. From this point of view, the diluting 
effect would only occur in the leaf tips where injury first appears end not 
throughout the whole plant. 
In the more advanced stages of growth, a mechanism may be present in 
the plant which either metabolizes the atrazine or detoxifies the parent molecule. 
Roth (90, 91) has shown trial atrazine-resistant species do contain compounds 
capable of nullifying the effect of atrazine. Since barnyardgrass is relatively 
resistant, this could be possible. 
The results of the leaf absorption showed barnyardgrass to be susceptible to 
foliar applications of atrazine. The presence of the surfactant- greatly enhanced 
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the effect of atrazine. This was not wholly in agreement with Dexter (26), who 
reported little differences between atrazine plus surfactant and atrazine alone. He 
did obtain reduced top growth yield of barnyardgrass when sprayed both at the I leaf 
and the 6-leaf stages. The application rate was 2 Ib/A in thirty gallons of water 
or about 8000 ppm, which was much more concentrated than those described above. 
A possible reason for the variation in degree of susceptibility would be the method 
of application. Where the plants were dipped, there was 100% coverage of both 
leaf surfaces as opposed to Dexter's overhead spray application. Herbicide 
absorption can occur on both leaf surfaces of many species (12, 13), and the 
quantity of atrazine absorbed would be much greater than where only one surface 
was absorbing. 
With leaf absorption, the concentrations required to cause an effect were 
higher then for root absorption. At concentrations of 10 to 50 ppm, stunting or 
slight leaf tip burn would occur after which the plants recovered. Significant 
control did not result until rates as high as 600 ppm were used. With the sur¬ 
factant added, rates of 200 ppm were effective, indicating the surfactant increased 
the amount of atrazine absorbed by foliar absorption. 
As with root absorption, there were variations in susceptibility at the 
various growth stages. If a unit of leaf area absorbed the same amount of atrazine 
and it acted the same in the plant at all growth stages, then there would be no 
variation in the effect on the plant. This was not the case, indicating either a 
variation in the actual amount of leaf absorption, or the various stages have 
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different susceptibilities to a given rate. The l--rol!ed-ieaf stage was the most 
resistant when considering the time for symptoms to develop. If the stomata are 
active in the absorpiion or are affected by atrazine, as shown by Knusli (61), 
then at this stage they would not be sufficiently developed to allow for appreciable 
uptake. At the more mature 1.5 to 2-ieaf stages, stomatal uptake could account 
for the increased susceptibility. In the 4 leaf and more mature stages another 
symptom appeared, this being the "breaking" of the leaf midrib followed by its 
drooping. This effect was also apparent in high rates of root absorption. This 
condition is in agreement with that reported by Wills (121) and could develop ^rom 
the structual changes reparted by Ashton (7). Thus, a contributing site of action 
may be in the xylem and conducting vessels that are weckened by atrazine treat¬ 
ment. With the drooping of the leaf following the "breaking" of the midrib, 
there was no further increase in height. The plants could remain in this stage for 
several days without developing the usual atrazine injury symptoms. This explains 
why in some cases there was no increase in height, although the plants were not 
considered severely damaged. 
Preliminary experiments were conducted to determine the effectiveness of 
coleoptiie absorption using the procedure described by Knake et ai. (59, 60). 
This consisted of placing a layer of atrazine treated soil either above, below, or 
both above and below a layer of untreated soil in which the seeds were planted. 
In this way, either the shoot or root would come in contact v/ith the various rates 
of applied atrazine. The placement of the atrazine appeared to have little effect 
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on the final results, and all rates of 50 pprn or more led to 100% control. Because 
of the erratic results and the controversial results reported by Knake et al. (59), 
it appears the technique has not been sufficiently tested to permit valid conclu¬ 
sions to be drawn. 
Chloroplast changes. The structural changes induced following atrazine 
treatment for two hours substantiates the findings of Knusli (6!), who reported on 
the rapidity with which the herbicide was translocated to the leaves following 
root absorption. Atrazine is known to accumulate at the leaf tip in the case of 
grasses with the gross symptoms of injury either at the tip or just at the point where 
the leaf has reached its maximum width. It is at this p^int that injury symptoms 
are first initiated, showing c wctersoaked appearance of the interveinal tissue. 
This could be the result of rupturing membranes which release the cellular fluids. 
The results indicate a diffusion takes place in which the atrazine is moved 
out of the xy'em and through the mesophyli cells. I his would explain, in parr, 
why some chloroplcsts are severely damaged while those in adjacent cells appear 
relatively uninjured. The time required for structural changes to occur once 
atrazine is within a cel! has not yet been determined^ but it is relatively shoit, 
inasmuch as extensive breakdown is evidenced within two hours or application. 
The atrazine molecule must be freely mobile within the leaf tissue after 
leaving the xylem, not being affected oy the cell walls of the mesophyn. The 
mbraneous chloroplast envelope must be permeable and effected ror a period me 
of time. This, however, is subjected to breakdown with injury appearing as a 
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rupture of the bounding membrane and finally its complete disintegration. Once 
within the chloroplast, atrazine is diluted by the proteinaceous stroma through 
which it must pass to reach the frets and grana where the effects were first observed. 
The herbicide appears to act within the structural arrangement of the 
lamellar membrane. The first observable injury symptoms appear as an expansion 
of the frets followed by a similar effect on the thylakoids. This may be thought of 
as an expression of either one of the following: (I) the pressure within the ^rets ana 
thylakoids increases, forcing the membranes apart or (2) the structure of the mem¬ 
brane is altered, increasing its plasticity and thus allowing ror expansion. 
|f frhe injury was due to a mechanical expansion of the thylakoids following 
atrazine diffusion into the loculus, the thylakoid expansion would be more uniform 
in the arana. Once entrance was accomplished, the expansion would occur 
w 1 
uniformly throughout the grana; and the interior thylakoids would expand to the 
same degree as the outer ones. This, however, was not the case. 
The alternative proposal would involve the alteration or the p;otein-!ipid- 
chlorophy!I membrane complex orientation wnich makes up the membrane structute, 
such as proposed by Park (79), Park and Pon (80, 81) and Weier and Benson (113). 
Indeed this was suggested by Volovik (110) and was shown by Mashtakov (68) to be 
a step in which 2, 4-D changed the photochemical activity of the chloroplasts. 
An alteration of the structural units of the membrane could lead to a loss of their 
rigidity, allowing for the expansion to occur. In this way, the expression of injury 
would proceed inward as the affecting compound progressed through the thylakoias. 
The outer layers would exhibit the greatest amount of expansion and be the first 
to rupture. From the results obtained, this would be possible. 
The same membrane degradation was evident iri each of the growth stages 
tested. Since only the membraneous structure of the chloroplasts was examined, 
one would expect to find little variation in chloroplasts of one growth stage when 
compared to those of another stage. Membrane damage was present in mature 
chloroplasts as well as the immature proplastids. 
Within the limits of the examined micrographs, the mitochondria exhibited 
♦ 
a norma! appearance. This would indicate its membraneous structure is tolerant 
to concentrations that affect the photosynthetic lamelia of the chloreplast. 
From the evidence of membrane disruption, a change in the bound chloro¬ 
phyll could occur following atrazine treatment. The results obtained show a 
decrease in chlorophyll content within a short period of rime. The time required 
for this change to occur was greater than that required for the ultrastructural 
changes to develop. This would be expected if the structural modification had to 
occur before a change in the breakdown of or synthesis of chlorophyll occurred. 
Among the stages of growth, there were differences in the time required 
for a significant reduction in chlorophyll content to occur. The 2-Ieaf stage 
underwent a chlorophyll decline first; and of the three stages tested, it was the 
most susceptible, as shown from root absorption studies. The I leaf and 3-leaf 
stages followed in that order. 
The overall decrease in chlorophyll content was in agreement with that 
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reported by Saburova and Petunova (92), Glabiszewski et al. (o3) and Merezhmski 
et a!. (73). There are, however, reports by Mashtokov et al. (69) and 
Swietochowskii et al. (105) of the triazines causing a rapid increase in chlorophyll 
content of corn, wheat, millet and peppergrass. This was followed by a rapid 
decrease in content after sixteen days, except for corn. Since light is required 
for atrazine activity, it appears that the reaction of atrazine, chlorophyll and 
» 
light causes the inhibition of the photosynthetic reactions (I, 5, 124). 
Analytical determinations. The presence of undegraded atrazine in plants 
following root application, in concentrations higher than that applied, shows 
that bamyardgrass can take up and accumulate atrazine. The amount accumulated 
within a given period of time was dependent on the concentration applied and the 
stage of growth at which the application was made. The effect of the concentra¬ 
tion variable was in agreement with Davis et al. (20, 21, 22), who worked with 
C^-atrazine taken up from nutrient solution. They reported the amount of uptake 
increased as the applied concentration increased. The accumulation within the 
3-leaf stage was in general agreement with Shimabukuro and Linck (100), who 
reported root absorption followed by translocation occurred for two days, after 
v/hich translocation stopped. The absorption was not reduced until after three 
days. Among the stages tested, the more mature 3 and 4-leaf stages accumulated 
higher concentrations than the I and 2-leaf stages. Whether the difference in 
accumulation was due to the ability of the more advanced stages to absoro more 
chemical per unit time because of their more developed root system has not yet 
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been determined. 
There is the possibility of the different growth stages having the ability to 
degrade the parent atrazine molecule into a less toxic material. Simazine and 
atrazine are degraded in plants to their 2-hydroxy analogues (18, 44, 54, 75). 
Recently, Kaufman et al. (54, 55, 56) and Shimabukuro et al. (97, 98, 99) have 
shown that both may undergo a dealkylation reaction to form, in the case of 
atrazine, 2"chioro~4-amino-6-isopropy!amino-s~triazine (Compound I) and 2- 
chloro-4-amino-6-ethylamino-s-triazine (Compound H). When Shimabukuro (97) 
rested different plant species, ranging from susceptible to resistant. Compound II 
was found only in resistant species. 
The results reported indicate that both Compound I and Compound II were 
present in barnyardgrass. Since barnyardgrass is relatively resistant to atrazine, it 
would be expected to contain Compound II, if Shimabukuro's propose? was correct. 
Compound II was present in higher concentrations, indicating this was the main 
degradation product of the dealkylation reaction for the detoxification of atrazine. 
Compound I and Compound II are iess toxic to the plant than the unaltered 
atrazine, but they still possess herbicidal activity. The compounds may undergo 
further metabolism to non-phytotoxic products (97). Ragab (87) has reported that 
C^C^ was given off by corn and cucumber plants treated with C'^-simazine. 
This indicates that the carbon of the simazine ring is eventually acted upon or set 
free by the breakdown of the simazine molecule. Thus there are at least two path¬ 
ways in which triazine metabolism be initiated; these being dealkylation and 
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formation of the hydroxy analogue. 
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SUMMARY 
Experiments were conducted under controlled conditions to determine the 
response of barnyardgrass, at various stages of development, toatrazine treatments. 
The following results were obtained. 
1. Root application of atrazine to plants in the l-ro! led-leaf stage to the 6- 
leof stage showed the 1.5 to 2-leaf stages were the most susceptible, as determined by 
the appearanceof injury symptoms and the amountof plant growth , The amount of 
injury and reduction in growth caused by atrazine treatment was dependent on the 
concentration applied . Application ratesof I ppm resulted in stunting of the plants, 
with the effect increasing in severity as the applied concentrations increased . At the 
susceptible stages, concentrations of 10 pprn or less gave 100% control. 
2. Foliar applications, by immersing the aerial portion of the plant ?n 
atrazine solution, significantly reduced the growth of barnyardgrass plants. The 
concentrations required to give effects similar to those of root absorption were 
much higher. The degree of injury increased with concentration and duration of 
treatment. The presence of the surfactant enhanced the herbicidal activity of 
atrazine, especially at the lower atrazine concentrations. 
3. Electron micrographs of chloroplasts in atrazine treated plants revealed 
a degradation of the chloroplasts, which started as a swelling and eventual 
disruption of the fret system. As the injury progressed, the thylakoids exhibited 
swelling, starting first in the outer layers of the granal stack and progressing 
inward as the injury increased in severity. In advanced stages of breakdown, 
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the membranes of the grana and chlorcplast envelope were ruptured. These 
changes were observed to hqve been initiated two hours after treatment with rates 
of 2, 5, 10 or 20 ppm atrazine. The incidence of starch grains decreased as the 
duration of treatment increased. Within the limits of the experiment, the 
mitochondria appeared normal, not being affected by atrazine concentration or 
duration of treatment. The stage of growth at which the plants were treated, 1.5 
to 2.5 leaf, was insignificant in determining changes at the ultrastructura! level. 
The changes observed at this level occurred before there was any visible symptoms 
of tissue breakdown. 
4. Chlorophyll determinations in plants treated with 2 to 20 ppm atrazine 
at the I leaf, 2 leaf and 3-leaf stages revealed a decrease in chlorophyll content 
in all stages. There was a variation among stages in the time required fcr a 
significant reduction in chlorophyll content to occur. The reduction occurred 
first in the 2-leaf stage and was followed by the I lea^ and 3-!eaf stages. 
5. Gas chromatographic analysis, using a five-foot 1/8 inch column of 
5% Carbowax 20M on Chromosorb W 60/80 mesh, showed that atrazine was 
accumulated within treated plants. Two atrazine degradation products, 2-chloro- 
4-amino-6-isopropyiamino-s-triazine (Compound I) and 2-ch!oro-4-amino-6- 
ethylamino-s-triazine (Compound II) were detected. 
80 
LITERATURE CITED 
1. Allen, W. 5. 1963. Mode of action of simazine in barley. Weeds II: 2 7-31. 
2. Appleby, A. P. I960. Selective wiId oat control. Proc. Ann. Oregon 
Weed Conf. 9: 37-38. 
3. Arnon, D. I. 1949. Copper enzymes in isolated chloroplosts. Polyphenol- 
oxidase in Beta vulgaris. Plant Physiol. 24: 1-15. 
4. Arnon, D. I. 1958. Chloroplosts and photosynthesis. Brookhaven Symp, 
Biol. II: 181-235. 
5. Ashton, F. M. 1965. Relationship between light and toxicity symptoms 
caused by atrazlne and monuron. Weeds 13: i64-l68. 
6. Ashton, F. M., T. Bisalputra, and E. B. Risley. 1966. Effect of atrazine 
on Chlorella vulgaris. Am. J. Bot. 53: 217-219. 
7. Ashton, F. M., C. M. Gifford, Jr., and T. Bisalputra. 1963. Structural 
changes in Phaseolus vulgaris induced by atrazine. I. Histological 
changes. Bot. Gaz. 124: 329-335. 
8. Ashton, F. M., E. M. Gifford, Jr., and T. Bisalputra. 1963. Structural 
changes in Phaseolus vulgaris induced by atrazine. II. Effects on fine 
structure of chloroplosts. Bot. Gaz. 124:336-343. 
9. Baker, J. B. I960. An explanation for the selective control of barnyard- 
grass in rice with Cl PC. Weeds 8: 39-47. 
10. Bayer, D. E. and H. R. Drever. 1965. The effects of surfactants on 
efficiency of foliar-applied diuron. Weeds 13: 222-226. 
I I. Benfield, C. A. and E. D. Chilwell. 1964,. The determination of some 
triazine herbicides by gas-liquid chromatography with particular 
reference to atraton in soil. The Analyst 89 : 475-479. 
!2. Biswas, P. K. 1964. Absorption, diffusion and translocation of C'^- 
labeled triazine herbicides by peanut leaves. Weeds 12: 31-33. 
13. Biswas, P. K., R. N. Goodman, and D. D. Hemphill. 1962. Differential 
absorption of Ci4-labeied atrazine and simazine by the upper and lower 
surfaces of raspberry leaves. Proc. NCWCC 19: 46. 
81 
14. 
15. 
16. 
17. 
!8. 
19. 
20. 
22. 
23. 
Bogorad, L., G. Pires, H. Swift, and W. J. Mclirath. 1959. The structure 
of chloroplasts in leaf tissue of iron deficient Xanthum. Brookhaven 
Symp. Biol. II: 132-137. 
Buchholtz, K. P. 1963. Use of otrazine and other triazine herbicides in 
control of quackgrass in corn fields. Weeds II: 202-205. 
Burnside, O. C. 1965. Longevity of atrazine and 2, 3, 6-TBA in incubated 
soils. Weeds 13: 274-276. 
Caffey, H. R. 1961. Rice research in Mississippi. Rice J. 64: 62-65. 
Caste I franco, P., C. L. Foy, and D. B. Deutsch. 1961. Non-enzyrnatic 
detoxification of simazine by extracts of Zea mays. Weeds 9: 580-591. 
Chilwell, E. D. and D. Hughes. 1962. Detection of traces of some triazine 
herbicides by gas-liquid chromatography. J. Sci. Food Agric . 13: 425-427, 
Davis, D. E., H. H. Funderburk, Jr., and N. G. Sansing. 1959. The 
absorption, and translocation of C'^-labeled simazine by corn, cotton, and 
cucumber. Weeds 7: 200-309. 
Davts, D. E., J. V. Gramlich, and H. H. Funderburk, Jr. 1965. Atrazine 
absorption and degradation by corn, cotton and sovbeans. Weeds 13: 
252-255. 
Davis, D. E., D. R. Roberts, and H. H, Funderburk, Jr. 1963. Radio- 
cnemical assay procedures for atrazine and atrazine degradation oroducts. 
Proc. SWC 16: 380-386. 
Dawson, J. H. 1961. The effect of EPTC on barnyardgrass. Diss. Abstr. 
22: 951. 
24. Dav/son, J. H. 1963. Development of barnyardgrass seedlings and their 
response to EPTC. Weeds II: 60-67. 
25. Derscheid, L. A., L. M. Stabler, and D. E. Kratochvil. 1953. Differential 
responses of oat varieties to 2, 4-dichlorophenoxyacetic acid (2, 4-D). 
Agron . J . 45: 11-17. 
26. Dexter, A. G., O. C. Burnside, and T. L. Lavy. 1966. Factors influencing 
the pnytotoxicity of foliar applications of atrazine. Weeds 14: 222-228. 
82 
27. Dove, L. D. and L. Y. Yatsu. 1966. Changes in ultrastructure of tomato 
mesophyll cells during drought. Proc. Ann. Plant Phys. Meetings, p. viii. 
28. Dryden, R. D. I960. Barban and 2,6-dichlorobenzonitrile for control of 
wild oats in barley. NCWCC Res. Rept. 17: 91. In Weed Abstr. II: 
317. 
29. Foy, C. L. 1964. Volatility and tracer studies with alkylamino-s-triazines. 
Weeds 12: 103-108. 
30. Foy, C. L. and P. Castelfranco. I960. Distribution and metabolic fate of 
C^-labeled simazine and four related alkylamino triazines in relation to 
phy to toxic ity. Plant Physiol. Suppi. 35: xxviii. 
31. Freed, V. H. 1964. Determination of herbicides and plant growth regulators, 
p. 44-47. In L. J. Audus (ed.). The Physiology and Biochemistry of 
Herbicides. Acad. Press., London and New York. 555 p. 
32. Friesen, G. A. 1955. The reaction of oats at five growth stages to the 
re mo v a I of wild mustard v/ith MCP and 2,4-D. Proc. NCWCC 12: 84. 
33. Friesen, G. A. I960. The effect of barban (carbyne) applied at ten stages 
of growth on wild oats and Selkirk wheat. Proc. NCWCC 17: 20. In 
Weed Abstr. II: 190. 
34. Friesen, H. A. 1961. Some factors affecting control of wild oats with 
barban. Weeds 9: 185-194. 
35. Friesen, H. A., J. D. Banting, and D. R. Walker. 1962. The effect of 
placement and concentration of 2,3-DCDl on the selective control of 
wild oats. Ccnad. J. PI. Sci. 42: 91-104. 
36. Gast, A. and C. D. Ercegovich. 1964. Analytical procedures for triazine 
herbicides. Weed Res. 4: 66-74. 
37. Centner, W. A. 1964. Herbicldal activity of several s-triazines as post¬ 
emergence sprays. Weeds 12: 115-118. 
38. Glabiszewski, J., M. Plozynski, G. Szumilak, and H. Zurawski. 1966. 
Effect of s-triazine herbicides on oats. Pamietnik Pulawskl 21: z33-257. 
in Cnem. Abstr. 65: 19233. 
83 
39. Gorby, B. J. I960. Barban (carbyne) and 2,6-dich!orobenzonitrile~CP 
5996 for selective control of wild oats in wheat. NCWCC Res. Rept. 
17:91. 
40. Goren, R. and S. P. Monseiise. 1966. Some physiological effects of 
triazines on citrus trees. Weeds 14: 141-145. 
41. Granick, S. 1961. The chloroplasts: inheritance, structure, and function, 
p. 490-604. In J. Bracket and A. Mirsky (ed.). The Cell II. Cells and 
Their Component Parts. Acad. Press., New York and London. 916 p. 
42. Gross, E. and L. Packer. 1965, Osmotic and light induced volume changes 
?n chloroplast membrane fragments. Bicchem. Blophys. Res. Comm. 20: 
715-719. 
43. Hahn, L. W. and J. H. Miller. 1966. Light dependence of chloroplast 
replication and starch metabolism in the moss Poiytrichurn commune. 
Physiol. Plantarium 19: I34-I4I. 
44. Hamilton, R. H. and D. E. Morel and. 1962. Simazine: degradation by 
corn seedlings. Science 135: 373-374. 
45. Henkel, H. G. and W. Ebing. 1964. A contribution to the gas chroma¬ 
tography of triazine herbicides. J. Gas Chrorrctog. 2: 215-218. 
46. Hoagland, D. R. and D. I. Arnon. 1950. The water-culture method for 
growing plants without soil (Revised by D. I. Arnon). California Agr. 
Exp. Sta. Circular 347. 
47. Hodge, A. J., J. D. Me Lean, and F. V. Mercer. i955. Ultrastructure of 
the lamellae and grana in chloroplasts of Zea mays L. J. Biophys. 
Biochem. Cytol. 1:605-614. 
48. Holly, K. I960. Pot experiments with new herbicides for the control o? 
wild oats. Proc. 5th Brit. WCC 2: 533-541. 
49. Holroyd, J. I960. The use of barban for control of Aveng fatua. Proc. 
5th Brit. WCC 2: 487-494. 
50. Hughes, R. E. and V. h'. Freed. 1961. The role of surfactants in the foliar 
absorption of indole-3-acetic acid. Weeds 9: 54-59. 
51. Hurter, J. 1966. Degradation products of simazine in gramineae. 
Experientia 22: 741-742. 
34 
52. Izawa, S. and N. E. Good. 1966. Effect of salts and electron transport 
on the conformation of isolated chloroplasts. II. Electron microscopy. 
Plant Physiol. 41: 544-552. 
53. Kahn, A. and D. von Wettstein. 1961. Macromolecular physiology of 
plastids. II. Structure of isolated spinach chloroplasts. J. Ultrastruct. 
Res. 5: 557-574. 
54. Kaufman, D. D., P. C. Kearney, and T. J. Sheets. 1963. Simazine: 
degradation by siol microorganisms. Science 142: 405-406. 
55. Kaufman, D. D., P. C. Kearney, and I. J. Sheets. 1965. Microbial 
degradation of simazine. J. Agric. Fd Chem. i3: 238-242. 
56. Kearney, P. C., D. D. Kaufman, and T. J. Sheets. 1965. Metabolites 
of simazine by Aspergillus fumigatus. J. Agric. FdChem. 13:369-372. 
57. Klein, S. and J. Newman. 1966. The greenmg of etiolated bean leaves 
and the development of chloroplast fine structure in absence of photosyn¬ 
thesis. Plant Cell Physiol. 7: 115-124. 
58. Kiirigman, G. C. 1961. Small grains and flax, p. 241-255. Weed Control: 
As A Science. John Wiley & Sons, Inc. New York and London. 421 p, 
59. Knake, E. L., A. P. Appleby, and W. R. Furtick. 1967. Soil incorpo¬ 
ration and site of uptake of preemergence herbicides. Weeds 15: 228-232. 
60. Knake, E. L., W. Bowers, end B. L. Butler. 1965. The effect of soil 
incorporation on atrazine and CDAA. NCWCC Res. Rept. 22: 118—119. 
61. Knusli, E. 1964. Some new findings on the mode of action and the metabo¬ 
lism of triazine herbicides. Proc. 7th Brit. WCC I: 287-294. 
62. Knusli, E. 1964. Atrazine, p. 33-36. jn G. Zweig (ed.). Analytical 
Methods for Pesticides, Plant Growth Regulators, and Food Additives, 
Vol. IV. Acad. Press., London and New York. 269 p. 
63. Knusli, E., H. P. Burchfield, and E. E. Storrs. 1964. Simazine, p. 213 — 
233. In G, Zweig (ed.). Analytical Methods for Pesticides, Plant Growth 
Regulators, and Food Additives, Vol, !V. Acad. Press., London and 
New York. 269 p. 
Kyle, J. A. and J. A. Gross. 1966. Correlative studies of structure and 
function In lamellar subunits of chloroplasts. Proc, Ann. Plant Phys. 
Meetings, p. x. 
64. 
85 
65. Lintilhac, P. M. and R. B. Park. 1966. Localization of chlorophylI in 
spinach chloroplast lamellae by fluorescence microscopy. J. Cell Biol. 
28: 582-584. 
66. Luft, J. 1961. Improvements in epoxy resin embedding methods. J. 
Biophys. Biochem. Cyt. 9: 409-414. 
67. Manner, L. P. 1966. Determination of some s-triazine herbicides by rhin- 
layer chromatography . J. Chromatog. 21 (3): 430-438. 
68. Mashtakov, S. M. and I. I. Paromchik. 1966. Change of plant chlorophyll- 
prorein-lipid complex influenced by sodium chlorophenoxy acetates. 
Dokl. Akad. Nauk Beloruss. SSR 10: 792-795. In Chem. Abstr. 66: 3478, 
69. Mashtakov, 5. M, and R. A. Prokhorchik. 1962. Triazine derivatives as 
plant growth regulators. II. Effects of simazine and atrazine on the 
chlorophyll content of crop plants. Dokl. Akad. Nauk Beioruss, SSR 
6: 517-520. in Chem. Abstr. 62: 3834. 
70. Mattson, A. M., R. A. Kahro, and J. Schnelier. 1965. Use of micro- 
coulometric gas chromatography for triazine herbicides. J. Agric. Pood 
Sci. 13: 120-122. 
7L Mattson, A. M. and J. Solga. 1962. Determination of atrazine residues. 
Analytical Department, Geigy Chem. Corp., Ardsley, N. Y. Method 
No. AG-9, p. 1-6. 
72. Mercer, F. B., M, Nittin, and J. V, Possingham. 1962. The effect of 
manganese deficiency on the structure of spinach chloroplasts. J. Cell 
Bio!. !5: 379-381. 
73. Merezhinskil, Y. G., A. S. Mel'nichuk, V. I. Martynenko, and L, T. 
Ushakova. 1966. ' After effect of simazine and atrazine on weeds and 
agricultural crops. Khim. v. Sei'sk. Khoz. 4: 502-507, In Chem. 
Abstr. 65: 20768. 
7A. Montgomery, M. L. and V. H. Freed. 1964. Metabolism of triazine 
herbicides by plants, j. Agric. Fd Chem. 12: 11-14. 
75. Negi, N. S., H. H. Funderburk, Jr., and D. E. Davis. 1964. Metabolism 
of atrazine by susceptible and resistant plants. Weeds 12: 53-57. 
86 
76. Nobel, P. S., S. Murakami, and A. Takamiya. 1966. Localization of 
light-induced strontium accumulation in spinach chloroplasts. Plant Cell 
Physiol. 7: 263-276. 
77. Palacz, A. E. K., E. C. Putala, and J. Vengris. 1963. Developmental 
anatomy of barnyardgrass seedlings. Weeds II: 311-316. 
78. Paolillo, D. J. and R.. H. Falk. 1966. The ultrastructure of grana in 
mesophyll plastids of Zea mays. Am. J. Bot. 53: 173-180. 
79. Park, R. B. 1965. Substructure of chloropiast lamellae. J. Cell Biol. 27: 
151-161. 
80. Park, R. B. and N. G. Pon. 1961. Correlation of struction with function in 
Spinacea oleracea chloroplasts. J. Mo!. Biol. 3: I — 10. 
81. Park, R. B. and N. G. Pon. 1963. Chemical composition and substructure 
of lamellae isolated from Spinacea oleracea chloroplasts. J. Mol. Biol. 
6: 105-114. 
82. Parker, C. 1966. The importance of shoot entry in the action of herbicides 
applied to the soil. Weeds 14: 117-121. 
83. Phillips, W. M., G. Yip, K. F. Finney, J. L. Hilton, and W. C. Shaw. 
1967. Response and analysis of wheat following late preharvest applica¬ 
tions of 2, 4-D. Weeds 15: i07— MI. 
84. Pinthus, M. J. and Y. Natowitz. 1967. Response of spring wheat to the 
application of 2, 4-D at various growth stages. Weed Res. 7: 95-101. 
85. Possingham, J. V., M. Vesk, and F. V. Mercer. 1964. The fine structure 
of leaf ceils of manganese deficient spinach. J. Ultrastruct. Res. II: 
60-83. 
86. Puritch, G. S. "The Effects of Ammonium Nutrition on the Structure and 
Function of Tomato Leaf Chloroplasts" (unpublished Master's thesis. Dept, 
of Plant and Soil Science, University of Massachusetts, 1966), p. 14. 
87. Ragab, M. T. H. and J. P. McCollum. 1961. Degradation of C^-labeled 
simazine by plants and soil microorganisms. Weeds 9: 72-84. 
Reynolds, H. L. 1964. Use of gas chromatography by food and drug 
administration for pesticide residue analysis. J. Chromatog. 2: 219-222. 
88. 
37 
89. Roche, 5. F. and T. J. Muzek. 1964. Ecological and physiological study 
of Echiriochloa crusgalli L. and response of its biotypes to Na 2, 
2-dichloro propionate. Agron. J. 56: 155-160. 
90. Roth, W. 1959. Physiological mechanisms of resistance to phytotoxic sub¬ 
stances. Triazine group herbicides. Bull. Soc. franc. Phys. veg. 5: 
150-151. In Weed Abstr. 10: 1316. 
91. Roth, W. and E. Knusli. 1961. Contribution to the knowledge of the 
phenomenon of resistance in certain plants against the phytotoxic material 
simazine. Experientia 17: 1-4. 
92. Saburova, P. V. and A. A. Petunova. 1965. Physiological biochemical 
causes of the selective action of the herbicide simazine. Dokl. Akad. 
Nauk S5SR. 160: 1215-1216. In Weed Abstr. 15: III. 
93. Saburova, P. V., A. A. Petunova, and V. V. Lukin. 1964. Effect of 
herbicide simazine on photosynthetic pigments. Tr . Vses. Nauchn .-Isslea. 
Inst. Zashchity Rast. 20: 43-46. In Chem, Abstr. 64: 8861. 
94. Sager, R. 1958. The architecture of chloropiasts in relation to its photo- 
synthetic activities. Brookhaven Symp. Bio!. II: 101-117. 
95. Salomon, T. G. 1966. Action of 3-amino-l,2,4-triazole on the ultra- 
structure of Indian corn chloropiasts. Compt. Rend., Ser. D. 262: 
2510-2513. In Chem. Abstr. 65: 9636. 
96. Sheets, T. J. 1961. Uptake and distribution of simazine by oat and cotton 
seedlings. Weeds 9: 1-13. 
97. Shimabukuro, R. H. 1967. Dealkylation of atrazine in higher plants and its 
significance. WSA Abstr. p. 62-63. 
98. Shimabukuro, R. H. 1967. Significance of atrazine dealkylation in root 
and shoot of pea plants. J. Agric. Fd Chem. 15: 557-562. 
99. Shimabukuro, R. H., R. E. Kadunce, and D. S. Freer. 1966. Dealkylation 
of atrazine in mature pea plants. J. Agric. Fd Chem. 14: 392-394. 
100. Shimabukuro, R. H. and A. J. Linck. 1967. Root absorption and trans¬ 
location of atrazine in oats. Weeds 15: 175-1/9. 
I 01. Smith, R. J., Jr. I960. Chemical control of barnyardgrass in rice. 
Weeds 8: 256-267. 
88 
102. Smith, R. J. I960. Weed investigations in rice. Rice J. 64: 22. In 
Weed Abstr. II: 128. 
S 03. Smith, R. J., Jr. 1961. Controlling barnyardgrass in rice with 3, 
4-dichloropropionanilide. Proc. SWC 14: 104-106. 
104. Steinmann, E. and F. S. Sjostrand. 1955. The ultrastructure of chloro- 
plasts. Exp. Cell Res. 8: 15-23. 
105. Swietochowski, B., M. Ploszynski, and H. Zurawski. 1966. Effect of 
simazine on free amino acids and sugars in seedlings of Avena sativa 
and Lepidium sativum. Pamietnik Pulawski 21: 211-226. In Chem. 
Abstr. 65: 19238^ 
106. Szilvassy, L. 1965. New data on the control of Echincchlca spp. v/eeds. 
Novenytermeles 14: 233-246. In Y/eed Abstr. i5: 129. 
107. Thomson, W. W. and T. E. Weier. 1962. The fine structure of chlorc- 
plasts from mineral deficient leaves of Phaseolus vulgaris. Am. J. Bor. 
49: 1047-1055. 
108. Vesk, M., J. V. Possingham, and F. V. Mercer. 1966. The effect of 
mineral nutrient deficiencies on the structure of leaf cells of tomato, 
spinach, and maize. Australian J. Bot. 14: I—18. 
109. Voderberg, K. 1962. The susceptibility of wild oats to TCA and TCP. 
Nachr Bl. dtsch Pfl Sch Dienst, Berl. 16: 111 — 112. In Weed Abstr. 
11:357. 
110. Volovik, O. I., F. L. Kalinin, and G. S. Ponomarev. 1965. Simazine 
and atrazine as inhibitors of photosynthesis. Pigmentry kak Faktory 
Urozhaya, Akad. Nauk Ukr. SSR, Resp. Mezhvedomstv. Sb. 123-127. 
In Chem. Abstr. 64: 10334. 
111. Wax, L. M. 1963. Factors affecting qucckgrass control with atrazine. 
Diss. Abstr. 24: 14. 
1 12. Weier, T. E. 196i. The ultrastructure of starch-free chloroplasts of fully 
expanded leaves of Nicotiana rustica. Am. J. Bot. 48: 615-630. 
Weier, T. E. and A. A. Benson. 1967. The molecular organization of 
chloroplast membranes. Am. J. Bot. 54: 389-402. 
113. 
89 
114. Weier, T. E., A. H. P. Engeibrecht, A. Harrison, and E. B. Risley. 1965. 
Subunits in the membranes of chloroplasts of Phaseolus vulgaris, Pisum 
^i^ and ^pdistrn. J. Ultrastruct. Res.13:92-III" 
I 15. Weier, T. E., C. R. Stocking, C. E. Bracker, and E. B. Risley. 1965. The 
structural relationships of the internal membrane systems of in situ and 
isolated chloroplasts of Hordeum vulgare (barley). Am J TFot 52- 
339-352. 
I 16. Weier, T. E., C. R. Stocking, W. W. Thomson, and H. Drever. 1963. 
The grana as structural units in chloroplasts of mesophyl! of Nicotiana 
rusf?cq and Phaseolus vulgaris. J. Ultrastruct. Res. 8: 122-1437 
I ! /. Weier, T. E. and W. W. Thomson. 1962. The grana of starch free 
chloroplasts of Nicotiana rustica. J. Cell Biol. 13: 89-108. 
118. Weier, T. E. and W. W. Thomson. 1962. Membranes of mesophyl I cells 
of Nicotiana iustica and Pnaseolus vulgaris with particular reference to 
the chforoplas't. Am. J. Bor.'49780T:820. 
119. Wheeler, H. L . and R. H. Hamilton. 1966. Selectivity of atrazine in 
cereo! crops as related to leaf concentration. Proc. NEWCC 20: 613. 
120. Wneeler, H. L. and R. H. Hamilton. 1966. Sensitivity of atrazine in 
cereal crops as related to leaf concentration. PI. Physiol., Lancaster 
41: (Supp!.), vii-viii. In Weed Abstr. 16: 45. 
121. Wills, G. D., D. E. Davis, and H. H. Funderburk, Jr. 1963. The effect 
of atrazine on transpiration in corn, cotton, and soybeans. Weeds II- 
253-256. 
122. Wo I Ken, J. J. 1959. The chloropiast structure, pigments, and pigment- 
protein complex. Brookhaven Syrnp. Biol. II: 87-100. 
123. ^.ucket, M. and H. T. Stinson, 1962. Chloroplasts as the major protein 
bearing structures in Oenothera leaves. Arch. Biochem. Blophys. 96* 
637-644. 
124. z.weig, G. and F. M. Ashton. 1962. fhe effect of atrazine cn distribution 
of C! -compunds following C fixation in excised kidney bean 
leaves. J. Expt. Bot. 13: 5-11. 

